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ABSTRACT 
The efficiency of fertilizer nitrogen uptake and retention within 
the ecosystem 
was a third 
90 9 Nltree 
were studied in a 2-yeal~·-0Id radiat8 pine stand. This 
rotation site on coastal sand dunes. Applications of 
(150 kg N/ha), as either Single, 3-Split or 9-Split 
dressings, ~~ere applied as urea solution, labelled with 
2.69 atom % N-15. A Control and three seasonal treatments (30 g N/tree) 
were also included. The trees were in the centre of 7 m2 root isolated 
plots. 
The e:<pel~iment I~an fOt- a pedod of 17 months during l'ihich time 
N-15 uptake ~"as monHOt-ed by foliar analysis. Steady levels were 
reached 6 months a·Het- the Single application. This indicated t.hat 
soi 1 processes act'2d on the N-15 pool to achieve an equi 1 ibriL!m wi th 
soil-No 
The final dist.ribution 01~ fertilizer nitrogen within the 
ecosystem was determined by a complete tree harvest (including roots) 
and soil sampling to 90 cm. There was a 25% increase in above ground 
biomass formed in the year after- fel~tilization with 90 9 N/tr-ee. The 
below ground response was more mar-ked, wi th an 80% increase in fine 
({2 mm) roots. The only detectable response to 30 9 N/tree was below 
ground. ~. 
ItTespecti ve of the rate, the season or the spl i tti ng of the 
application, the tr-ee's uptake o·f fertilizer nitrogen ~'Jas the same 
(mean = 21.3%). However the retention within the soil varied from 40% 
with a Single application to 70% for the lit application. The total 
ecosystem retention varied from 60% (Single) to 90% (9-Split) excluding 
volatilization «2%) and uptake by surrounding trees «3%). The 
retention for the seasonal treatments was similar to the split 
treatments. 
There was a positive relationship between tree uptake of 
fertilizer nitt-ogen and initial sink size. Dther major ·factors 
determining the range of tree uptakes (15-32%) were leaching and 
immobilization. The high soil retention of fertilizer- nitrogen at the 
lower application rate, and for split applications, suggests 
immobilization is a dominant process. Leachin\] was most prominent for 
the Single 90 9 N application. The extent of this loss may have 
precluded further uptake by the tree. 
Although total retention was increased \.'Jith split applications~ 
there was no immediate benefit to the tree. Given that this additional 
ni trogen is a very minor propOt-ti on o·f the total in the soi I ~ the 
probability of additional responses seems unlikely. 
Spl it appl ications did not incl~ease tree uptake of nl trogen. 
Indeed, in the absense of leaching a single application may be utilised 
more efficiently. 
CHAPTER 1 
GENERAL INTRODUCTION 
New distant scenes of endless science rise! 
So pleas'd at first the tow'ring Alps we try, 
Maunt o'er the vales, and seem to tread the sky, 
Th' eternal snows appear already past, 
Rnd the first clouds and mountains seem the last; 
Pope <1711> 
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The impor-tanc:e of nutrients in forest ecosystems has long been 
recognised (see Tam~ (1979) for historical review), However it is only 
in the last thn.!e dl.'!cades that nutrient cycles have been intensively 
studied. Th i s development together I'li th an e;·:pansi on of pi antati on 
forestry has led to an interest in fertilizers as a silviculturel tool. 
Forest produce has traditionally been obtained from natural 
forests with management often aiming to regenerate stands by natural 
1118clns. NON many cCluntdes have established plantation I'-esources to 
redress the bal ance of past deforestation, to allevi ate demand on 
t-emaining natw-al resow-ces, to ensure timber supplies and to meet a 
v2!,d ety o'f soci 211 and envi ronmental objecti ves. E:wti c species have 
often been introduced, notably conifers from north and central America 
and species of Eucalyptus from Australia. 
Plantations will become ino-easingly important in meeting the 
I'Jodd's demand for wood (Campbell 1980). They have usually been 
established on marginal or non productive agricultural land. Some of 
these plantations have been hi.ghl y producti ve, for e:<ample, t-adiata 
pine (Pinus radiata D.Don) on the volcanic soils of the central North 
Island of New Zealand. HONever, there are many Nhere nutritional 
problems occur, and a response to one or more added nutrients is likely 
(Nambiar 198421). 
Initially fet-tllizers I'lere used to correct chronic de'ficiences as 
in the phosphorus deficient clays north of Auckland, NeN Zealand 
(l~eston 1956)' Although "starter" and "corrective" fertilization are 
still widespread (Flinn 1984), it is now common to use fertilizers to 
achieve a variety of management goals (Hunter 1984) including the 
promotion of growth in already highly productive stands (Wool Ions and 
vli 11 1975). 
Plantations are in a dynamic state Nith regard to biomass 
accumUlation and nutrient use. Attiwill (1979) proposes three 
defineable stages of grm'lth groNth of living biomass, heartl>mod 
formation and stage of maintenance. This sequence regUlates net 
primary pt-oduction and the accumUlation o·f biomass. Similarly Miller 
(1981) proposes three nutritional stages in the life of a forest stand. 
During Stage I the demand fot- nutrients is high ,:;o.s canopies and root 
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systems eHpand to occupy the si teo Once canopy closw-e OCCLlrs and a 
nutrient cycle develops through litterfall, Stage II is reached and the 
calion soil resources lessens. The reuse of nutrients within the tree 
also becomes impor-tant (Miller 1984). St.age III occurs when 
accumulation o·f litter immobilizes much o·f the potentially available 
nitrogen. Fertilizers may usefully be applied to hasten the initiation 
of Stage II. In South Australia on poor podzolised sands this has been 
recognised during the establishment phase of radiata pine by adopting 
an intensive fertilization and ~'Jeed control regime (l~oods 1976), A 
Iresponse to nitt-ogen may also be anticipated in Stage III, but this 
may be mOire appl icable to northern hemisphere boreal for-ests where 
climate induces longer rotations and a lower turnover of nitrogen. 
A further stage at which fertilizer applications may be 
beneficial is after perturbations in the above cycle, such as thinning. 
This can be viewed as a tempori:\t-y reversion to Stage 1. Responses to 
nib-ogen after thinning have been e:<plained in this manner (HLtnter-
1982, Crane 1985). 
AlthrnJgh nitrogen is the most abundant element in the atmosphere 
it is often the most limiting to forest grm·Jth. The importance of a 
bal anced nutri ent supp 1 y has been stressed by I ( 1979) and 
othelrs (see Mead 1984). Hm'iever pr'ovided other nutrients are not 
limiting there is 
supplying nitrogen. 
scope for i ncreasi ng forest pr"OdLldi vi ty by 
Th ismay be ach i eved by app 1 yi ng ni trogenous 
fertilizers or by utilising nitrogen fiHing organisms (Davey and Wollum 
1984) • 
Pritchett (1979) reports that large areas of pine and spruce in 
Scandi navi a .:u-e fer-ti 1 i zed ed.ch year- vii th ni trogen as are e:<tensi ve 
·fon=sts of dOLlglas fir (Pseudotsug<l menziesii (Mirb.) Franco.) in the 
Ameri can Pad fi c North \~est. Wi 11 (1985) reported a usage of 1900 
tonnes elemental nitrogen in Ne~·j Zealand forests in 1980. This had 
dropped to 1000 tonnes by 1983 and is likely to have declined further 
(Will pers. comm.), due to a tighter economic environment. 
In New Zealand then:! are 1.01 million hectares af radiata pine 
(Lavery 1986). The 45,000 hectares of sand dune plantations are 
inherently low in nitrogen (c.f. Hunter and Hoy 1983) as are 
plantations in Westland. These may be termed nitrogen deficient sites. 
Howevel-, at least half of the plantation resource might respond to 
ni tt-ogen at some stage of stand development n~ill pers.comm.). The 
present study looks at some aspects of the nitrogen nutrition of 
radiata pine on a coastal sand site. 
The efficiency of nitrogen fertilizer use may be defined as the 
percentage recovery of nitrogen fertilizer by a crop (Parr 1973). For 
agr-i cui tLlY"al crops this is usually in the range 30-80i~ (Black 1967). 
Studies to date in forestry rarely show an efficiency greater than 20% 
(see Ballard 1984, Melin et 211. 1983), and the total recovery within 
the studied ecosystem is also usually lo~'l <Ballard 1980). This low 
efficiency of fertilization is disturbing both from an economic 
ViE:H'ipoint and for the possible adverse environmental conseqLlences of 
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nitrogen leakage. 
The research repm-ted on in this thesis looks at one possible 
method for improving the uptake of nitrogen fertilizer, namely split 
applications. This is defined as repeated doses i-lithin the growing 
season rather than in successive growing seasons, termed multiple 
applications, as advocated by some work:er-s (\\/oollons and (;Jill 1975, 
Weetmen and Fournier 1984). 
It is postUlated that smaller more frequent applications of 
nitrogen fertilizer can be better utilised by the plant as this will be 
simi 1 ar to their suppl y o'f nati ve soil nitrogen. Thi s approach has 
been success'full y adopted i'li th young tlree seedl i ngs ina hydroponi c 
envixonment Ongestad 1982). (~i th an e::ponential inct-ease in grm'lth 
ther-e is a. concommi tant uptake of nutd ents gi ving constant internal 
nutr-i.ent concentrations, Ingestad (1974, 1977) believes fertilization 
programmes should te optimized to meet plant requirements and counter 
the risk of environm8ntal damage. He contends that it is possible to 
achieve nearly one hundred per cent efficiency in applying nitrogen to 
plants. In a field experiment designed to test this hypothesis 
nutrients were supplied almost daily as a very dilute solution to young 
scots pine (Pinus sylvestris L.) for several growing seasons (Aronsson 
and Elowson 1980). Some nitrogen recovery results from this trial were 
plre'sented by et ala (1981). Of the 670 kg N/ha supplied, 76% 
was recovered within the soil and vegetation. The recovery within the 
tree biomass was 20% of that applied; the same as many studies i-Jith 
conventional applications o·f fet-tilizer. No compat-ative data were 
presented for the solid fertilizer treatment where multiple 
applications wet-e adopted. l;Jithout a more accurate balance sheet for 
the applied nitrogen and a comparison with other treatments, it is nat 
possible to say whether this irrigation and fertilizer treatment gave a 
superior tree uptake and ecosystem recovery of applied nitrogen. 
Although high tree recovery is one aim of Ingestad's work it should be 
appt-eci ated that the major objecti ve is to gradual I y satw-ate the 
system with nutrients. This increases the nutrient flux density~ 
initially by fertilizer additions but later by the feed back of 
fertilization on the mineralization rate. A state is visualised 
when mineralization is able to provide sufficient nitrogen for optimum 
uptake and fertilization is only required to balance nitrogen removed 
in stem harvests (Ingestad and Agren 1984). 
lit applications are a ble move towards the ideal of a 
high tree utilisation and ecosystem recovery and have achieved 
success in some agricultLwal systems (Mengel and Kit-kby 1982. p.315). 
Hamid (1972) utilised split applications of nitrogen on wheat and found 
incr'eased efficiency over' a sill(.:lle application. 
differences between ammonium and nitrate sources with the former, nat 
being beneficia.l be~/ond hm spli t doses. l"lagarajah et al. (1975), 
working with rice, conclude that factors such as sail type, variety of 
rice and season will determine whether split applications are superior. 
Forestet-s ha.ve been sloi-J to I eat-n from agd cuI tut-al and 
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hOI·-ticLtltLwal Pt-:;;.ctiCf:1S, \·~hich is, perhaps, surprising as \4/e may be 
ter-med tt-ee 'f",\I'"mers <Davies 1979). Lynch OC;l'74) considered that in 
designing forsst fertilization experiments, the results from 
B.gf'icultural 8Hperience should be heeded and treatments appro:dmating 
those in agr-icultw-e thed. The applicability of results from annual 
crops to trees is debatable and concepts developed with small seedlings 
(Ingestad 1982) are more difficult to visualise in large trees (Cramer 
et a1, 1985), 
There is, hm"lever, same SlI.ppot-t for the supehority of split 
appJ, icati.ons in the Ii teratLwe on forest trees. The of 
fertilizer within trees tends to decrease at higher application rates 
<Tamm 1982). The splitting of the amount to be applied may thus 
improve uptake, and some workers have assumed this when deciding how to 
apply 'fet-tilizer in e:'(pedments (Nead et a1. 1984). However,there is 
very little dit-ect evidence fot- this assumption, the only positive 
trial being in young loblolly pine (Pihus taeda L.), By applying 
224 kg N/ha in hm instalments rathet- than one, Baker et al. (1974) 
increased recovery from 3 to 7X. The authors concluded that the 
eff i ci ency of nitrogen uti Ii zat i on can be improved by app I yi ng lower 
rates of nitrogen throughout the growing season. One should perhaps be 
sceptical though; the study relied on the difference between nitrogen 
in fertilized and unfertilized plots, the total amount recovered within 
the ecosystem was only 20-30%, and there was a serious weed problem. 
A number' of tt-ials have been conducted in Sweden with split 
applications. Eriksson (1982) shm",ed that on the basis of foliar 
nitrogen analysis a positive growth effect from splitting 150 kg N/ha 
three or six times could be expected, but after five growing seasons no 
significant differences in basal area growth response were found. In a 
series of follow up trials Petterseon (1984) similarly found no 
significant difference between treatments in terms of volume increment. 
In the only split application study to budget for the applied nitrogen 
using N-15, Melin et a1. (1983) found no signi·ficant diHerence in 
fertilizer recovery between a single 100 kg I\l/ha and 2 }( 50 kg N/ha 
applications applied to scots pine. It should be noted that this 
Swedish work was ly in stands 100 years old or greater. 
In the only other knmm tdal wit.h split applications, Szczesny 
(1977) used foliar nitrogen to assess their effectiveness in 
30-year-old scots pine in Poland. He found hm or four appl ications 
superior to a single dose. 
In the case of multiple applications, cited earlier, it has been 
shm"'n by Tustin and t1ead (1973) that no addi tional cost is incurred 
over fertilizing in one year. I~ith split applications the benefit of 
not carrying the investment cost for as long does not apply. The extra 
cost of applying and supervising several applications within the year 
must be met by improved fertilizer efficiency. In practice this would 
mean using less fertilizer to achieve the same response. The data in 
Table 1.1 compares the cost of a Single and a 3-Split application. 
Table 1.1 Cast of applying 150 kg N/ha as urea in a Single or an 
equal 3-Split application. 
Costs* 
$/ha 
Urea I! $420/t 
Helicopter 
Total 
Single 
137 
20 
157 
3--Spl it 
3 :< 45 
3 x 15 
182 
*: N. Z. F. S. (p et- s • c omm.) Jan. 1987. 
5 
The opportLlnlty cost of using a 3-Spli t appl ication is $25/ha. 
The improvement in efficiency of 'fertilizer uptake required to meet 
this cast may be calculated. A $25 saving can be made if 27 kg N/ha 
less fertilizer is required, i.e. if an application rate of 123 kg N/ha 
as opposed to 150 kg N/ha is used. If a 20% fertilizer efficiency is 
assumed for a single 150 kg N/ha application what efficiency is 
required for a 3-Split application totalling only 123 kg N/ha? Clearly 
to achieve 30 kg N/ha in trees (20% x 150 kg N/ha), the uptake from the 
3-Split must be 24% (30 x 100 + 123 kg N/ha). This calculation is 
dependent on the reI aU ve cast of ferti Ii zer and f I yi ng. If urea 
becomes relatively more expensive, then the increased efficiency 
required from split applications decreases. 
The evidence in the literature for the superiority of split 
applications is inconclusive. Foliar analysis suggests positive 
benefits but fertilizer recovery and growth responses generally do not. 
The economic calculation shows that increasing the uptake of 
fertilizer by only a few percent justifies the use of split 
appl ications. If retention of ferti I izer wi thin the ecosystem is 
increased, the environmental benef i ts and possi bl e sl te improvement 
should also be used to offset the additional casts of split 
app~ ications. 
There has been no rigorous test of nitrogen recovery in a young 
pine ecosystem using split applications. The experiment described in 
the fallowing chapter was thus initiated to test whether split 
applications affected the uptake and distribution of N-15 labelled urea 
in a young radiata pine stand. 
Urea was used, as with the exception of Scandinavia this 
fertilizer is the major nitrogen source for forest fertilization. In 
New Zealand its use may increase with the recent completion of the 
ammonia-urea plant at Kapuni. 
Because only a small improvement in fertilizer efficiency is 
required to make spli t applications an economic proposi ti on, a 
precise means of measuring fertilizer recovery was required. For this 
and other reasons di scussed I ater the use of urea labell ed wi th the 
heavy isotope of nitrogen, N-15, was particularly appropriate. 
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CHAPTER 2 
THE EXPERIMENT 
In 1983 an experiment was laid out in Bottle Lake Forest, 
Christchurch, NetrJ Zealand (Lat.43°S, Long. 173°E), to study the uptake 
and subsequent distribution of nitrogen following split applications of 
N-15 enriched urea. 
2.1 Site 
This forest is located on an area of coastal sand dunes, 
afforested from 1~12 onwards to control the drift of sand onto 
agricultural land. A variety of tree species were tried, but early on 
the superiority of radiata pine was evident, and this is now the major 
species. 
A third rotation site of two-year-old radiata pine was chosen 
(Figure 2.1>. This \'>Jas predominately flat with sparse grasses and 
patches of bracken and blackberry. The water table was never within 
one metre of the surface during the study. During the course of the 
e;':periment, this stand \'>Jould be in a dynamic phase as regards 
nutrient and biomass accumulation. Fut-thermore, it is a relatively 
simple, uniform system with a recent undifferentiated soil, no 
litterfall and trees small enough for relatively easy sampling and 
biomass determinations. 
Figure 2.1 The site in May 1983 at the beginning of the experiment. 
Compartment 29 was first planted with radiata pine in 1933. This 
was windblown in 1955 and replanted. In August 1975, this stand along 
~",ith half of the fat-est was windblown in the famous Canterbury gale 
described by Wilson (1976). After clearing and burning the area was 
planted in August 1981, with 1.5-year-old radiata pine at 2250 
stems/ha. Planting stock for Bottle Lah:e is raised at Halkett 
Nursery, near Christchurch, from seed collected in a stand adjacent 
to the study area. The original planting stock for Bottle Lake 
probably came from Ashburton, 60 km south of Christchurch. 
2.3 
80il characteristics determined during the study are given in 
Table 2.1a. Detai Is of their measLwement are gi ven in Chapters 5 and 
7. Additional soil data for this ~(airaki sand <Table 2.1b) were 
obtained from Dr J.A. Adams, Lincoln College. They are compatible with 
the 0-10 cm horizon 
near the experiment. 
ven in Table 2.1a as the samples came from a site 
Table 2.1a Soil characteristics determined on the plots. 
Depth 
(em) 
0-10 
10--30 
30-50 
50-70 
70-90 
Bulk density 
(g/cm3) 
1. 24 
1. 46 
1. 49 
1. 47 
1. 48 
Total N 
(/. ) 
0.064 
0.019 
0.011 
0.008 
0.006 
Organic matter 
(/. ) 
3.71 
1. 73 
0.98 
0.82 
0.74 
pH 
4.8 
5.0 
C 
(f,) 
2.15 
1.00 
0.57 
0.47 
0.43 
Table 2.1b Additional soil data for Bottle Lake Forest. 
Sand (f,) 
Si It (f,) 
Clay (1.) 
Total F' (ppm) 
Bray 2P (ppm) 
98 
2 
I) 
280 
16.3 
Exchangeable Ca (me/100g) 0.93 
Exchangeable Mg (me/100g) 0.76 
Exchangeable K (me/100g) 0.22 
C.E.C. (me/100g) 
Base saturation (/.) 
5.8 
33 
C:N 
34:1 
53:1 
52~1 
55:1 
65:1 
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2.4 Experimental Preparation 
The experimental design utilised single tree plots. Twenty two 
trees were selected in a 0.25 ha area at the corner of the compartment. 
They were chosen so that between tree and plot variability was at a 
minimum according to the following criteria: 
Tt-ee hei. ght. 
TI~ee di ametet-. 
Absence of double leader and other malformations. 
Proximity to old stumps. 
Absence of significant vegetation such as bracken. 
Distance from small dunes. 
Initial investigations showed that roots from 2-year-old trees already 
extended at least two metres from the stem. To prevent cross feeding 
between plots~ each tree was isolated by trenching at 1.5 m radius to a 
depth of 75 cm, insel-ting pol'>,thene sheeting and backfilling (Figure 
2.2). To further ensure homogenei ty between plots any logging slash 
was removed and vegetation clipped off. Remerging weeds were 
controlled throughout the experiment by applying glyphosphate (Roundup) 
monthly, using a weedwiper. 
Figure 2.2 Plot preparation. 
2.5 Experimpntal Design 
Experimental preparation was completed by April 1983. Plots were 
randomly allocated to the treatments shown in Table 2.2. 
Treatment 
name 
Control 
Single 
3-Split 
9-Split 
Autumn 
Spring 
Summer 
Grams N 
applied 
pet- tree 
0 
90 
30 ,\ 3 
10 :{ 9 
30 
30 
30 . 
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Table 2.2 Experimental design 
kg N/ha Replication 
equivalent 
0 4 
150 4 
150 4 
150 4 
50 2 
50 2 
50 2 
Fertilizing dates 
( 1983) 
August 
May, August, December 
monthly, May-December 
May (autumn) 
August (early spring) 
December (early summer) 
The design allows the data for various parameters (e.g.height, 
biomass, fertilizer recovery) to be statistically analysed for four 
main treatment responses: 
The response to split applications. 
The response to 30 grams nitrogen in different seasons. , 
The response to 30 grams nitrogen per tree. 
The response to 90 grams nitrogen per tree. 
These maybe formalised as twa null hypotheses: 
He: Control :: Single :: 3-Split = 9-Split 
Ho: Control :: Autumn :: Spring = Summer 
The lower replication {or the seasonal treatments was a consequence of 
ferti I izer cast and work requit-ed. These treatments should thus be 
viel"ed as subsidary to the main e:<periment. Their main role was to 
ascertain H any superiority of the split applications was due to 
smaller, mare frequent doses per se or to seasonal differences in 
uptake. 
Overall treatment differences were tested using analyses of 
variance (ANOVA)>> l~here initial tr-ee size was thought to be a major 
factor, analyses of co-variance (ANCOVA) were used to remove this 
effed. Thi s was appropri ate for the main treatments, indi vi dual 1 y 
(n=4) and the seasonal treatments combined (n=6). Individual treatment 
differences were tested for using single degree of freedom contrasts. 
Where this was not possible, because of unequal replication, Duncan's 
multiple range test was used. 
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2.6 Fertilizer Applications 
The first application was made on 2 May 1983. All applications 
used urea (461. nitrogen) enriched at 2.69 atom I. N-15. They were 
applied in solution to ensure an even spread and to minimize 
volatilization losses (Worsnop and Will 1980, Volk 1970). At each 
application the non-fertilized plots also received the same amount of 
water, i.e. fifteen litres which was equivalent to 2.4 mm rainfall. A 
margin (approximately 10 cm wide) was left unfertilized around the plot 
edge to prevent fertilizer running down the plastic (Figure 2.3). 
Figure Fertilizer application on 30 May 1983. 
The final application was on December 13 1983. The trial then 
ran for a further 10 months until 9 October 1984. The response period 
after application thus varied from 10-17 months. As most growth 
occurred ft-om November to March (Chapter 3), it was fel t that all 
treatments essentially had a response period of one growing season. 
In May 1983, at the start of the e;':periment, the mean height of 
experimental trees was 1.60 m and the diameter at the base of the stem 
40 mm. The nutritional status of the trees on 2 May 1983 is given in 
Table 2.3. Details of analytical methods and interpretation are given 
in Chapter 4. Although May is not the usual time for foliage sampling 
in New Zealand (Mead and l~ill 1976, Will 1985) it appears that all 
nutrients are in adequate supply for the growth of radiata pine, 
although responses to nitrogen have sometimes been observed in stands 
with foliar nitrogen levels in excess of those reported here (Mead and 
Gadgi I 1978). 
Table 2.3 Foliar nutritional status of 2-year-old radiata pine 
at Bottle Lake in May 1983. 
% oven dry weight 
~I F' I." p', Ca Mg Si CI S Al 
11 
1.58* 0.16 0.88 0.28 0.13 0.04 0.19 0.12 0.04 
*: The summer minimum for control trees in February was 1.47 % N. 
2.7 Climate 
Two standard rain gauges were located at either end of the site~ 
approximately 50 m apart. Rainfall was recorded daily throughout the 
e}(peY"iment and is summarised 011 a weekly basis in Figure 2.4. Air 
temperature was moni tored conti nuousl y usi ng a thermohygrograph ina 
Stevenson's screen one metre above ground 1 evel " Oai 1 Y ma:<imum and 
minimum averaged for the week are also shown in Figure 2.4. 
The longest periods without rain were from 4-21 August 1983 just 
prior to the Single fertilizer application, and from 9-26 April 1984. 
The hi ghest recorded temperature was 33°C on 24 February 1.984, the 
Im'lest -5°C on June 25 1984. Rainfall data prior to, and follm"ling 
each fertilizer application are given in Table 2.4. 
Table 2.4 Rainfall prior to and following each fertilizer 
appl ication. 
Application date 
(1983) 
2 May 
30 May 
27 June 
26 July 
22 August 
20 September 
19 October 
15 November 
13 December 
Treatments 
receiving 
fertilizer 
Autumn, 3-Split 
9-Split 
9-Split 
9-Split 
9-Spl.it 
Spring, :3-Spl it 
9-Split, Single 
9-Split 
9-Split 
9-·Spl it 
Summer, 3-Split 
9-Split 
Daily rainfall 
prior (mm) after 
4 3 2 1 F* 1 2 3 4 
28 0 0 0 0 0 0 0 0 
0 (> 0 0 11 0 (I 0 0 
0 0 0 0 0 0 1 0 7 
I) 9 0 0 0 0 0 0 0 
0 0 0 0 2 1 15 0 0 
0 (> 0 I) 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 
0 0 0 2 0 0 0 0 0 
I) 0 12 3 3 26 2 18 0 
Rainfall 
l'-lithin 
1 week 
7 
11 
31 
(> 
18 
36 
3 
0 
63 
-----------------------------------------------------------------------
F* Day o·f application, rainfall does not include 2 mm equivalent 
used to apply urea. 
• + 
30 
°C 
25 
20 
15 
10 
5 
0 
60 
rom 
50 
40 
30 
20 
10 
0 
May Jun 
Fertilizer applications 
• • • • • • • 
maximum 
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul 
Figure 2.4 Weekly rainfall and average maximum and minimum temperatures 
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The weather data for Christchurch airport, 12 km inland was also 
obtained. The long term avet-age rainfall (1950-1980) is 648 mm p.a. 
The study peri od was wetter than thi s Ivi th 727 mm at the al rport and 
775 mm at the study site from May 1983 - April 1984. The summer (Dec-
Feb) of 1983/84 was cooler than average, and the winter (Jun-Aug) of 
1984 warmer than average. 
2.8 
Measurements were taken on trees and plots to give as 
comprehensive a picture of growth patterns and fertilizer distribution 
as possible. Tree growth was monitored by monthly assessments of stem 
height and diametelr , by an intensive foliage sampling scheme and a 
complete tr'ee harvest at the end of the e:·:periment. These data are 
presented in Chapte~ 3. 
Chapter 4 looka at patterns of total foliar nitrogen accumulation 
and distribution in I-elation to treatment, time and crown position. 
The status of other nutrients is also briefly discussed. 
Chapter 5 describes the movement of fertilizer nitrogen in the 
system. This was determined primarily by foliar analysis but some 
supplementary data on volatilization of ammonia, leaching and soil 
retention are also included. 
Following the final harvest a budget of fertilizer nitrogen 
within the system was drawn up. Recovery of fertilizer within the tree 
is discussed in Chapter 6. In Chapter 7 the budget is completed by 
investigating residual fertilizer within the soil. Chapter 8 provides a 
synthesis of the foregoing matertial. 
Notes 
(1) Treatment names used in the text are: 
Main Treatments: Control, Single, 3-Split, 9-Split. 
Seasonal Treatments: Autumn, Spring, Summer. 
(2) The growing season spans two calendar years resulting in the 
following names for ages of foliage: 
1982/83 foliage; formed prior to the experiment starting, 
also called older foliage (OLFO). 
1983/84 foliage; formed during the course of the 
experiment, called I-year foliage at the 
final biomass. 
(3) The trees 
avail.able 
Irestt-i cted 
were numbered from 846-867 in accordance with 
aluminium tags. Individual tree data are usually 
to the appendices. 
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CHf-lFTER '< 
'-' 
GROWTH AND BIOMASS RESPONSE TO NITROGEN FERTILIZER IN A 2-YEAR-OLD 
RADIATA PINE STAND 
:3.1 INTf;:DOUCTION 
Ni tr'ogen is nmsi det-ad to be a gn::lV4th 1 i mi ti ng ;:actor- in many 
forest ecosystems and consequently the use 
improve sta.nd pt-oducti vi ty 11 a'::; inclreased 
of nitr-ogen fsr-tilizers to 
in r-ecent decades. It is 
necessary to know the si ze of any r-esponse in order to assess the 
economic profitability of fertilization. An understanding of how trees 
respond to nitrogen ~s also necessary to predict changes in tree growth 
patterns and to refine methods of fer-tilizing forests. 
Growth commonly used to assess tree t-esponse to 
and, less 'f et- til i z er 
f-egul ar 1 y, 
ar-e height, 
biom·3ss ( 
di ameter-, basal volume 
1984) . Whilst u.se·ful infojrmation is 
obt.3.ined, this has been criticised b'7' Nambi.;:;;r (1984b) ~lho 
consi.ders fUt-thet- advances r-equit-e an understanding of mechanisms and 
processes underlying the physiological basis of response to nutrients. 
Tr'ee height is unlikely to respond to nitrogen in very 
deficient stands (Hunter- 1982). In very young stands height is often 
the only variable assessed but Whyte et ai. (1978) caution against this 
and advise a measure of stem diameter 
response may be obtained from basal 
incot-pot-ation c'f a form 'fi:\ctor- is also 
this may change 'following 'feF'tilization 
also. An index of volume 
ar-ea ),; height. HO~leveF', 
F'Bcommended (Hunter 1982), as 
(Barker- 1978). Stem gro~lth 
responses are for several radiata pine stands in New Zealand 
(Mead and il 197f3!1 l'-loollons and (qill 1975, Hunter et. al. 1985), 
although when'! stand density and folial" nitt-ogen concentt-ations aF'e 
high a response is unlikely (Huntet- 1982). It is therefore usual to 
find responses in thinned stands (Mead et aI. 1984). 
Where a biological appraisal of fertilization is important 
biomass measurements alre usually t-equil~ed, Total biomass is usef ul , 
but the paF'titioning of response into various tree components is more 
valuable in understanding processes. Studies of relative growth often 
use the allometr"ic relationship -for- m:ample with root:shoot. ratios 
(L.edi.g ;;?'t .al. 1970). Relati ve alloe·ation wi thin the crown has al so 
been studied (['Jill and Hodgkiss 1977, t1ead et al. 1984·), It is 
general I y assumed that ni tr-ogen addi tions wi 11 increase shoot gt-owth 
F'elative to root growth (Ledig 1983). A shift in allocation from stems 
to crown is usually noted, sometimes resulting in loss of apical 
dominance and bushy, heavy CF'owns (Will and Hodgkiss 1977, Mead et. ala 
1''184) • 
Net growth F'eSpOnS8S must OCCUF' through the intermediary of 
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increased photosynthate production. This can be achieved by either 
increasing the rate of photosynthesis per se or the total area of the 
photosynthetic surface. While both can be important (Miller and Miller 
1976, Bri:< 1972), it is generally considered that the more usual 
mechanism is an increase in the total leaf area (Linder and Rook 1984, 
Fagerstrllm and Lohm 1977). This can be achieved by increasing the 
foliage mass and/or needle longevity. 
In a very nitrogen deficient stand of corsican pine (Pinus nigra 
var. maritima (Ait) Melv.) needle retention \<las increased following 
fertilization (Miller and Miller 1976). BriH (1981) found decreased 
retention in douglas fir as did I~ill and Hodgkiss (1977) in radiata 
pine. Mead et al. (1984) found no change in the latter species. 
Longevi ty changes may relate to initial nitrogen status of the stand 
with an increase more likely on very deficient sites (Turner and Olsen 
1976). 
In conifers ft'liage mass may be increased by larget- individual 
needles, greater numbers of needles and in species such as pines 
greater numbers of needles per fascicle. The number and weight of 
needles were increased following fertilization in douglas fir <Bril< 
1981>. Aronsson et al. (1977) showed that the number of needles pel~ 
fascicle was increased in scots pine following fertilization. However, 
Nambiar and Fife (in press) report that ni tr-ogen has increased the 
number and size of needles in radiata pine, but has had no effect on 
the number of needles per fascicle. 
3.2 METHODS 
Several growth parameters were measured to obtain a comprehensive 
picture of seasonal patterns and differences between treatments. 
3.2.1 
Monthl y measurements of height, to the nearest centimetre, and 
di ameters at the base and at 50 cm on the stem were taken to the 
nearest 0.1 mm. All diameter measurements were made with calipers; two 
readings were taken at 900 to each other. 
3.2.2 Foliage 
An intensive foliage sampling scheme was adopted to monitor 
needle length, needle weight and the number of needles per fascicle. 
From the beginning of the experiment (May 1983) samples of current 
foliage were taken fortnightly. For the first three dates the samples 
consisted of 20 fascicles from the whole crown. Thereafter sampling was 
restricted to the leader and upper hm whorls (Figure 3.1a). Sample 
size was dictated by the need for sufficient material for later 
chemical analysis without overly depleting the foliage mass. Two 
fascicles from the leader and one from each branch were collected, i.e. 
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fourteen fascicles for most trees. 
From November 1983 when the newly initiated foliage became large 
enough to sample the above scheme was discontinued. 
was sampled at two crown positions (Figure 3.1b): 
The new fol i age 
(i) Upper crown: Two fascicles from the leader and one from each 
branch in the upper two whorls arising directly 
ft-om the stem. 
(ii) Middle crown: One fascicle from each branch arising from the 
previous year's upper two whorls. 
upper crown sample 
sample middle crown sample 
lower hID whor 1 s 
omitted 
May - November 1983 November 1983 - September 1984 
(a) (b) 
Figure 3.1 Foliage sampling scheme 
This sampling continued 
approximately monthly samples 
fortnightly until 
were collected until 
April 1984 
the end of 
when 
the 
experiment. This sampling scheme is very similar to that used by Fife 
and Nambiar (1982) and in general upper and middle crown designations 
here can be equated wi th thei r pr i mary and secondary order branch 
needles (l°BN, 2°BN). They noted that the depletion of foliage was 
unlikely to have influenced growth. 
Samples were immediately taken to the laboratory and measured for 
length to the nearest millimetre. If all the needles in a fascicle were 
not the same length the longest was recorded. Samples were then dried 
at 65°C before weighing to the nearest milligram. Mean fascicle weight 
was determined from the number of fascicles in the sample, and mean 
needle weight by a division with the mean number of needles per 
fascicle for each sample. 
3.2.3 Whole Tree Harvest 
3.2.3.1 Above Ground On 9 Octobet- 1984 all 22 trees ~'iere cut at 
ground level and transported complete back to the laboratory. Nine 
above ground components were recognized: 
Foliage - current 
- 1-year (1983/84 foliage) 
-- older- (1982/B3 foliage) 
T~"i gs -. current 
- l-"yeal" 
.- 01 det-
St.em .- t -'year" 
-" 01 der - wood 
-- bark 
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Current matE'~-ial was from the new flush and ~Jas <1 month old. 
1-year material was formed during the 1983/84 season. Older foliage is 
pt-edominately of 1'782/83 odgin with a small proportion of 1981/82 
foliage. Older wood and twigs were not sectioned into annual 
increments and 50 contain wood formed in each year of growth including 
a sheath of 1-year growth. 
The branches were cut from the stem as above and dried initially 
~"ith the foliage intact. This meant subsequent stt-ipping of foliage 
was easy to give individual components which were dried at 65°C prior 
to weighing. The initial drying could have caused some retranslocation 
of nutrients between twigs and foliage. 
The 1-year- stem ( 1983/84 1 eader) was removed and dr i ed. The 
r'emainder of the stem was ~..,eighed fresh, then 4 cm thick discs ~..,ere 
cut at 30 cm intervals. The bad:: (including phloem and cambium) was 
peel ed ft-om each di sc. Wood and bad:: were ~..,ei ghed separatel y then 
dded at 65°C. (~hole stem ~..,eights wet-e calculated using ratios of 
green to dry weight. All components were weighed to the nearest gram 
aftet- dl·-yi ng. 
3.2.3.2 BeLg.\i Ground. From 23 October to 19 November the root 
systems were extracted. First 2-3 m deep trenches were dug around half 
of each plot with a mechanical digger. The plastic sheeting was then 
removed to expose a dense mat of roots (Figure 3.2) which were ea~ily 
cut off and placed in bags. Initially.a fire hose was used to wash 
a~..,ay the sa.nd and e:·:pose the root system. This method pt-oved to be 
unsatisfactory and was discontinued after four complete plots (one of 
each main treatment) had been tackled. The sand has a bulk density of 
1.5 g/cm:$ and plroved resi stant to the ~..,ater jet. Hm..,ever, the mai n 
objection to this method was the loss of fine roots which has required 
a conrection to be made for the four plots e)·:tracted in this manner 
(Appendi:< 1). 
The final method adopted was to pass the complete volume of sand 
through a wire screen (mesh size 2 cm2 ) and pick off the roots (Figure 
3.3) Because of the time involved only half of each plot was excavated 
dm"n to the depth of the plastic, i.e. 75 cm. The majority of t-oots 
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were found within the top 50 cm of soil, with the exception of the mat 
around the plastic (Figure 3.2). 
Figure 3.2 Root mat of fertilized tree 1 exposed after removing plastic. 
Figure Root excavation. 
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The whol e rootstock and tap root were removed and any sinker 
roots penett~ating below 75 cm were e){cavated as best as possible. 
Sinker roots were unusual and so losses would have been minimal. All 
roots were returned to the laboratory and placed in cold storage prior 
to sorting. 
Unl i ke some proposal s for mechanical e:{cavation of roots (e. g. 
Evelyn 1662 p.32), this method was time consuming and laborious 
<Bull smi th, CI arke, Full er, Schaschi ng and Young pet-so comm.). It was 
however considered justified because of the apparent high recovery of 
fine roots. 
A standard terminology for tree roots does not exist (Santantonio 
and Hermann 1985). Some. workers have adopted the classification 
advocated by Bohm (1979) where fine roots are those (2 mm diameter 
(e.g. Jackson and Chittenden 1981, Persson 1978, Grier et al. 1981>. 
However, this subdivision is arbitrary in that it does not account for 
morphology and func~ion. Its adoption is criticised by Santantonio 
(pers. comm.) who USES (1 mm as do Ford and Deans (1977) and Kohmann 
(1972). Divisions as low as 0.5 mm have been used (Squire et al. 1978). 
In this study fine roots are defined as (2 mm in order to be compatible 
I'll th previous studies on radiata pine in New Zealand (Jackson and 
Chittenden 1981, Clinton 1986). 
Three components of the below ground system were recognised: 
Rootstock (below ground extension of the stem) 
Coarse roots (including tap root) )2 mm 
Fine roots (2 mm 
The initial laboratot~y sQl'"ting procedures are outlined in Figure 3.4. 
All laterals and the tap root were cut from the rootstock. Coarse roots 
were separated from fine roots using a 2 mm slot gauge. The rootstock 
and coarse roots were dried at 65°C, brushed free of sand and weighed 
to the nearest gram. 
A large mass of "wet fine roots" remained. The bulk of sand was 
removed using a 0.5 mm sieve. This sand included ·the finest root and 
organic matter fragments and was retained to check its nitrogen status. 
The t~emaining mass of "fine roots" was oven dr"ied and weighed. At this 
stage there I'las still significant contamination by sand and organic 
matter. This had to be corrected for to give an accurate fine root 
biomass and removed to enable nitrogen analysis to proceed. These 
corrections I'lere done on four subsamples, two for nitrogen analysis, 
and two for fine root biomass estimation (Figure 3.5). -
The use of a 2 mm sieve, to initially sort these subsamples, was 
purely for convenience to give a fraction from which most of the 
organic matter could be separated. In fact roots I'lere removed rather 
than organic matter, which is considered to be a more positive approach 
and eliminates some contamination (Jackson and Chittenden 1981). The 
material passing through the 2 mm sieve then went on to one of 0.5 mm. 
The retained material contained fine root and organic matter fragments. 
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The retained material contained fine root and organic matter fragments. 
v-Ihere the latter constituted a minor component it was picked out and 
discarded. In other cases a further subsample was required to correct 
for this organic matter contamination. 
WET 
OVEN 
DRY 
All roots 
Rootstock Roots 
2 mm slot gauge 
Coat-se 
roots 
"Fine 
roots" 
I 
I 
Oven dried 65°C 
Brushed free 
of sand 
Weighed to 
nearest gram 
I 
I 
0.5 mm selve 
"Fine roots" 
Oven dri ed 65°C 
Weighed to 
nearest gram 
"Sieved sandI! 
Ai r dri ed to 
await analysis 
Four subsamples taken from large tray 
(see Figure 3.5) for sorting procedures. 
Figure 3.4 Initial laboratory sorting procedures for roots 
STEP 1 
Subsample 
Dried 65°C 
weighed 
2 mm sieve 
Retained material Sievings 
All roots and mycorrhizal 0.5 mm sieve 
tips picked out 
Retained material Sievings 
Non root organic 
matter discarded 
2J. 
Dr i ed 65°C \>Jei ghed 
(A) 
Dried 65°C weighed 
(9) 
Dried 65°C weighed 
(C) 
\ / 
\ / 
\ / 
\ / 
STEP 2 ----------------------
Figure 3.5 
Combined 
Ashed at 650°C 1 hour 
Cooled 
t~eighed 
Method adopted for sorting two subsamples to estimate 
fine root biomass. 
At the end of Step 1, the original subsample minus the organic 
matter contamination was left. The percentage of organic matter 
(X D.M.) contamination in the subsample was calculated: 
Initial weight subsample - (A + B + C) x 100 
X a.M. = --------------------------------------------
Initial weight subsample 
The sand contamination was then calculated by ashing the subsample: 
weight after ashing x 100 
% sand contamination = -------------------------
( A + B + C ) 
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The sorting procedure for the two subsamples for nitrogen analysis is 
the same for Step 1. Then A and B are combined to give the fine root 
sample for analysis. C was retained separately to check its nitrogen 
status. 
The correction for fine root biomass from the original oven dried 
Hfine root" mass (Figure 3.4) is illustrated in the following example: 
Tree 855: weight of oven dry "fine roots" including sand and organic 
matter contamination - 2451 grams 
Subsample I~eight 9 
1. 12.38 
'"' 8.06 .:.
.. 
',.' 11.82 
4 15.62 
x 
I. a.M. 
9.3 
B.2 
1(l.e) 
9.7 
------
9.3 
I. sand 
69.5 
66.5 
X 68.0 
Correction: 2451 9 - 9.3% = 2223 g - 681. = 711 g 
The weight of coarse roots (excluding tap root) and fine roots 
were doubled to give a figure for the whole plot. The estimate 
obtained in this way assumes a symmetrical distribution 
Observation of laterals emanating from the rootstock 
supported this which agrees with Nambiar (1983). 
3.3 RESULTS AND DISCUSSION 
3.3.1 [ieight 
of roots. 
generally 
Mean tree heights at the beginning of the experiment (May 1983), 
after one growing season (June 1984) and at the end of the experiment 
are presented in Tables 3.1 and 3.2. An analysis of co-variance for the 
main treatments, using initial height as the co-variate, showed no 
significant height response to 90 g N (Table 3.1). Similarly an 
analysis of variance for the seasonal treatments showed no response to 
23 
30 9 N (Table 3.2). The lack of a response is in agreement with Hunter 
(1982) . 
The seasonal pattern of height growth at Bottle Lake is 
illustrated in Figlll~e 3.6a al.ong with data from two other studies 
collated by Jackson et al. (1976). Monthy increment was calculated as 
30 day intervals from June 1983 to June 1984 when the average height 
for all trees increased from 1.62 to 2.84 m. Height growth is not 
conti nuous at Chri stchurch and starts 1 ater than the other s1 tes. It 
culminates later and is generally more evenly spread over the year. In 
the second gro\'<Jing season aftet- treatment height gt-owth commenced in 
August. 
Table 3.1 Mean tree heights for the main treatments at the start of 
the experiment, the end of one growing season and at 
hat-ve~iti ng. 
Contr81 Single 3-Split 9-Split (SE) P 
--------------------- (m) -------------------
Initial Height 1.62 1. 66 1. 66 1.52 (0.05) 0.242 
(May 1983) 
June 1984* 2.78 2.95 3. 12 2.91 (1).09) 0.155 
October 1984* 3.14 3.27 3,42 3.20 (0. III 0.410 
-----------------------------------------------------------------------
Tabl f2 
(BE): standard error (see Appendix 15). 
P probability of treatment differences according to ANCOVA. 
* adjusted means from co-variance analysis, with initial 
heights (see Appendix 15). 
..,. ,.., 
.:" • .a::. Mean tree heights at the beginning, after one growing season 
and at the end of the experiment for the seasonal 
tt-eatments. 
Control Autumn Spring Summer (SE) P 
--------------- (m) --------------
-----------------------------------------------------------------------
Initial I-Ieight 1. 62 1. 45 1. 66 1. 54 (0.054) 0.108 
(t1ay 1983) 
June 1984 2.78 2.54 2 .. 82 2.51 (0.179) 0.495 
October- 1984 3.15 2.90 3.28 2 .. 73 (0.210) 0.311 
(SE): standard error. 
P probability of treatment differences according to ANOVA. 
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(a) 
J J A 
o 
o 
Mt. Burr (Pawsey, 1964) 0 
Kaingaroa (Jackson, 1969) 0 
Bottle Lake (This study) • 
Mt, Burr (Pawsey, 1964) 0 
Whakarewarewa (Hinds 0 
unpubl. ) 
Bottle Lake (This study) • 
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SON D J F M A M J J 
Figure 3.6 Monthly height (a) and diameter increment (b) 
for radiata pine calculated as percent of 
annual total (source: Jackson et al. 1976) 
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3.3.2 
The seasonal pattern of diameter increment at the base of the 
stem in comparison with two other sites is shown in Figure 3.6b. 
Di ameter grm'lth peaks I ater than hei ght growth and I ater than on the 
other sites. Growth ceases during the winter at Christchurch. 
Stem diameters at the base and at 50 cm were analysed for 
treatment differences using analysis of co-variance for the main 
treatments. 1nl tial diameter and its square were tried as co-variates. 
Both gave very similar results and the former is presented here (Tables 
3.3 and 3.41, For the seasonal treatments analyses of variance were run 
for data at the end of the growing season and the end of the experiment 
(T ab I e 3. 5) • 
Table 3.3 Stem diameter over bark at the base for the main treatments, 
adjusted for initial diameter. 
Control Single 3-Split 9-Split (SE) P 
-------------------- (mm) -------------------
May 1983 (initial) 40.3* 39.9 41.2 38.8 (0. 20) O. 861 
December 54.3 2 56.6 55.8 (0.91> 0.401 
January 1984 59.1 61.2 62.6 62.5 (1.04) 0.120 
February 63.1 65.4 67.0 66.0 (1.38) 0.280 
March 67.3 72.1 73.6 73.0 (1. 21) 0.015 
April 71.2 7'7.2 78.9 78.7 (1.43) 0.009 
May 75.3 79.4 81.0 82.4 (1. 63) 0.052 
June 74.3 79.3 81.9 81.3 ( 1. 63) 0.028 
August 76,0 80.0 82.7 82,,5 (1. 68) 0.054 
September 81.0 84.3 87.3 88.4 (1.72) 0.047 
* : unadjusted means in May 1983; adjusted means for later dates. 
(BE): standard error. 
P : probability of treatment differences according to ANCOVA. 
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Table 3.4 Stem diameter over bark at 50 cm for the main treatments, 
adjusted for initial diameter. 
Control Single 3-Split 9-Split (SE) P 
-------------------- (mm) ------------------
May 1983 (initial) 28.0 30.5 28.2 W. 15) (I. 590 
41.8 41.5 42.1 40.9 ( 1. 18) I) • 906 
January 1984 46.3 47.1 47.6 47.2 (1.20) 0.890 
February 48.8 50.2 51,,2 50.6 (1.24) 0.604 
Mar-ch 53.8 55.9 57.6 57.2 (1.28) 0.225 
Apri 1 57.3 59.6 61.5 61.0 (1. 31) 0.184 
May 59.6 61.6 63.7 63.7 (1 • 42) O. 1 99 
June 59.6 61.8 64.4 63.7 (1.33) 0.115 
August 60.7 62.5 65.1 64.5 (1.54) 0.250 
September 65.6 67.4 70.2 70.4 ( 1. 60) I). 1 76 
* unadjusted means in May, 1983; adjusted means for later 
dates. 
(SE): standard error. 
P probability of treatment differences according to ANCOVA. 
Table 3.5 Stem diameter over bark at the base for the seasonal 
treatments. 
Control Autumn Spring Summer (SE) P 
------------------- (mm) ---------------------
Init! al May 1983 40.3 36.3 40.1 38.8 (2.47) 0.620 
June 1984 74.6 69.8 79.5 76.0 (2.1(1) 0.083 
September 1984 81.3 74.9 85.4 81.3 (2.27) 0.082 
-----------------------------------------------------------------------
(SE): standard error. 
P : probability of treatment differences according to ANOVA. 
Statistically significant 
apparent by Mar"ch (Table :3.3). 
increases in basal diameter were 
An analysis using single degree of 
freedom contrasts shows the difference to be due to fertilizer with no 
effect of split applications (Appendix 2). The treatment differences at 
50 em up the stem were much less pronounced !Table 3,4). A similar 
anal ysi s of contrasts shows si gni f i cant effects due to ferti 1 i zer at 
P < 0.1 (Appendix 2). The differences between seasonal treatments 
(Table 3.5) were attributed primarily to initial diameter differences. 
A co-variance analysis between the pooled seasonal data (n = 6) and the 
Control in June shOl'led there had been no statistically significant 
response to 30 9 N (adjusted means; Control=78.7 mm, Seasonal=76.0 mm). 
In conclusion then, there was a highly significant diameter 
response to 90 g N, but none to 30 g N. This response was primarily at 
the base of the ste~, being rather weak at 50 cm. The magnitude of the 
response at the end Qf the first growing season (June, 1984) I'las 8.81. 
at the stem base. Nambiar and Cellier (1985) have recently reviewed the 
response of young radiata pine to nitrogen fertilizers in South 
Austral i a. They reported small « 101.) responses and cast doubt on the 
eHiciency of the intensive nitrogen fertilization programme in the 
area. The continuation of these small responses through to maturity 
was considel~ed unlikely. However, stem diameter in their trials was 
measured at 15 cm above ground level. The pattern of diameter response 
at Bottle Lake suggests that the below ground portion of the stem may 
be responding with possible benefits in terms of anchoring the young 
tree and promoting a larger I~oot system. In a more recent study fl~om 
South Australia~ Nambiar and Bowen (1986) report a 121. diameter 
increase in 4.8-year-old trees following nitrogen fertilization at age 
1. The response increased over time, which suggests that further 
increases might have been expected at Bottle Lake in subsequent years. 
The biomass of the trees (Tables 3.6 and 3.7) was compared with 
previous studies, analysed for treatment differences and for allocation 
patterns in response to fertilizer. 
3.3.3.1 General Observations The total biomass at the end of 
the experiment (age 3.1 years) varied from 6.1-13,4 kg per tree 
(Appendi:.: 3). Trees fertilized with 90 9 N had an avet-age biomass of 
11 kg; an increase of :501. over controls at 8.5 kg (Table 3.6). Trees 
'ferti 1 i zed wi th 30 9 N had si mi 1 ar dry wei ghts to the Control, and 
averaged 8.2 kg per tree (Table 3.7). The above ground biomass of trees 
at the beginning (J·f the trial was estimated by ·felling sf:.: trees in 
August, 1983, in a similar size range (Appendi:.: 4). The increase during 
the study from 0.9 to 5.9 kg per tt-ee cl earl. y shows an el<ponenti al 
phase of growth (Figures 3.7 and 2.1). 
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Figure 3.7 The site in October 1984 at the end of the experiment. 
Table 3.8 gives comparative data for above ground biomass drawn 
from studies at various sites in New Zealand and Australia. Biomass has 
been expressed as kilogrammes per tree, necessitating a conversion from 
tonnes per hectare given in most studies. There is considerable 
variation, reflecting site and possibly planting stock quality. Bottle 
Lake is at least as productive as the Kaingaroa site during the 
establishment phase (Madgwick et al. 1977). Productivity compares 
favourably with Spehrs plantation in South Australia (Fife and Nambiar 
in press), 
fertilizer 
but is not as producti ve as at Mount Gambi at- wi th added 
(Fife and Nambiar 1982). Bottle Lake is considerably more 
productive than the other sites listed. 
There is a dearth of information for the below ground biomass of 
radiata pine (Madgwick 1985), particularly for fine roots. Comparative 
studies are further hindered by the variable size definition of fine 
roots (Nambi ar 198p. The bi amass of fine roots 1<2 mm) in thi s study 
is 739 g/tree on (antral plots. Assuming conversion to an areal basis 
is valid, this is equivalent to 1660 kg/ha. Moir and Ba.chelard (1969) 
estimate standing crop of fine roots 1<3 mm) to be 3450, 3010 and 
2110 kg/ha for age 10, 20 and 30-year-old radiata pine. Clinton (1986) 
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gives 655 kg/ha for roots <2 mm in a 14-year-old radiata pine stand; 
however, this refers only to the top 10 cm of soil. Values of 1-3 kg 
-fine roots per tree are common in the literature (Sa·Hord and Bell 
1972, S<:l.ntontonio et al. 1977); although these are usually fot- older 
trees. 
Table 3.6 Dry weight of tree components at the end of the experiment 
(Oct. 1984) for the main t.reatments. 
Foliage 
current 
1-year 
older 
Twigs 
current 
1-year 
older 
Stems 
l-yeat-
older wood· 
older bark 
Above Ground 
Roots 
stock 
Below Ground 
TOTAL 
Initial 
D2 H 
Root: shoot 
t-atio 
Single 
1:::6 151 
1571 2002 
561 602 
193 216 
707 921 
718 911 
241 230 
1439 1627 
295 343 
5881 7003 
811 1098 
1002 1604 
739 1210 
2552 3912 
8433 10915 
26.48 26.46 
0.434 0.559 
lit 9-Split (SE) p 
grams --------------------
154 137 (24) 0.947 
219t:, 1696 ( 146) 0.040 
688 435 (60) 0.069 
235 203 (24) 0.664 
914 883 (87) 0.311 
984 803 (131) 0.523 
334 278 (47) 0.439 
177.3 1593 ( 112) 0.271 
342 327 (28) 0.609 
7620 6355 (470) 0.100 
934 1144 (86) 0.064 
1584 1564 ( 173) 0.084 
1599 1157 (119) 0.002 
4117 3865 (241) 0.002 
11737 10220 (611 ) 0.015 
29.08 23.58 
0.540 0.608 
* one replicate from each treatment is an estimate as calculated 
in AppendiN 1. 
(SE): standard error 
P probability of differences according to ANOVA. 
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Table 3.7 Dry weight of tree components at the end of the experiment 
(Oct. 1984) for the seasonal treatments. 
Control* Autumn Spring Summet- WE) P 
---------------------
gt-ams 
-------------------
-----------------------------------------------------------------------
Foliage 
current 156 142 180 89 (:29) 0.224 
l-yeal~ 1.571 1267 1859 1460 (277) 0.416 
older 561 ,'C"o::' '_'uu 542 496 ( 112) 0.543 
n"i g5 
cLll-rent 113 21:3 230 1:22 ( 10) 0.009 
l-year 707 649 666 609 (98) 0.916 
older 718 638 754 807 (218) 0.861 
Stem 
l-year 241 lhO 283 106 (48) 0.162 
01 det- wood 1439 1135 1439 1163 (1.38) 0.356 
01 der' bark 295 287 267 211 (32) 0.346 
Above gt-ound 5881 4846 6220 5063 (742) 0.468 
Roots 
stock 811 669 877 741 (143) 0.627 
coat·se 1002 981 1.:365 1209 (249) 0.604 
'f i ne 7,39 53'7 1073 953 (203) 0.290 
Below ground 2552 2187 3315 2903 (492) 0.383 
TOTAL 8433 7((:'3 9535 7966 (1211) 0.441 
-----------------------------------------------------------------------
Initial 
D2H 26.48 19.22 26,63 23.75 
Root: shoot 
ratio 0.434 0.451 0.533 0.:':;73 
* Control with four replicates is reproduced for comparison 
(SE): standard error. 
P probability of treatment differences according to ANOVA. 
Table 3.8 Comparative data for above ground biomass of radiata pine in 
Australia and New Zealand. 
Site Age gNI Ht Foliage Branches Stem Total Reference 
(yrs) tree (m) --------- kg/tree ---------
Bottle lake 2 I) 
(1 
90 
1.60 
N. Z. 
J:::aingaroa 
N.Z. 
Mt.Gambiar 
SA 
3 
4 
3 
3.15 
3.29 
(l 1.05 
(I 3.91 
35 3.34 
Speht-s PI tn. 4 I) 
80 
3.89 
SA 
Tumut For. 
NSW 
Belanglo 
For. NSl~ 
Eyrewell 
N. Z. 
4 
5 
(I 
o 
4-,47 
1.4 
3.1 
4 0 1. 21 
4 26+P 2.22 
4 0 2.22 
0.48 
2.29 
2.69 
0.14 
3,05 
3.96 
2.26 
4.97 
0.34 
1. 41 
O. 11 
O. 
1.07 
0.16 
1. 62 
2.02 
0.05 
2.79 
2.57 
1.61) 
3.31 
0.13 
0.80 
0.03 
0.15 
0.54 
0.26 0.90 This Study 
1. 97 5.88 
2.28 6.99 
0.09 0.28 Madgwick et al. 
3.60 9.44 1977 
Fife ~1. Nambiar 
2.93 9.46 1982 
2.26 6.12 Nambiar & Fife 
4.47 12.89 (i n press) 
0.27 0.74 Forrest and 
1.61 3.82 OVington 1970 
0.08 0.22 Snowdon and 
0.45 0.98 Waring 1985 
0.74 2.35 Grottker 1984 
The H ne root bi amass determi ned in thi s study may be compared 
with a published equation for predicting radiata pine root mass 
(Jackson and Chittenden 1981). Their equation (4) is~ 
(total fine root o.d.wt.l = -121.35 + 0.526 (foliage o.d.wt.> 
If applied to the control tree data (Table 3.6), the estimated weight 
of fine roots would be 1082 9 which is a 46'Y. overestimate. If applied 
to the pooled data for trees fertilized at 90 g N, the estimated value 
is 1309 g which agrees very well with the actual value of 1322 g. 
Clearly this equation is inappropriate for Control trees in this study. 
This highlights the possible problems in using a single estimating 
equation across nutritional treatments (c.f. Snowdon 1985), The above 
equation was developed on trees 3-8 years old, grown in a long trench. 
The soil was a pumiceous sandy loam but no details were given of its 
fertility or of the tree's nutritional status. 
32. 
3.3.3.2 Treatment Differences Analyses of variance for the 
main treatments show statistically significant (p <: 0.05) differences 
for l-year foliage, total and below groLmd biomass, particularly the 
fine roots (Table 3.6), The analyses for seasonal treatments generally 
show no significant differences (Table 3.7). The analyses were hindered 
by initi al tree size di fferences. Accordi ngl y a co-vari ance anal ysi s 
was run for the main treatments to remove this effect using initial D2H 
as a co-variate (Table 3.9). The use of thi s and other possible co-
variates is discussed in AppendiX 5. All the components listed in Table 
3.9 show highly significant responses to nitrogen according to single 
degree of freedom contrasts (Appendix 6). There were no statistically 
significant differences between Single and Split applications. 
Table 3.9 Dry weight of selected tree components at the end of 
the experiment (Oct. 1984), adjusted for initial tree 
size differences; main treatments. 
-----------------------------------------------------------------------
Biomass Control Single 3-Spli t 9-Spli t (BE) P 
component 
---------------
Dry weight grams 
---------------
-----------------------------------------------------------------------
TOTAL 8422 10906 11371 10606 (444) 0.003 
Above groLmd 5872 6994 7278 6715 (236) 0.(1)9 
Below ground 2551) 3912 4094 3890 (250) 0.004 
l-yr foliage 1568 2000 2104 1793 ( 100) 0.015 
Stem. 1973 2198 2354 2298 ( 1(7) 0.119 
Older stem 1437 1626 1702 1668 (77) 0.129 
wood 
l-yr wood# 947 1150 1205 1207 (64) 0.044 
Rootstock 809 1098 905 1174 (83) 0.040 
Coarse roots 1002 1605 1617 1529 ( 177) 0.094 
Fine roots+ 7.38 1209 1571 1187 (120) 0.004 
.: Stem = summation of older wood and bark and l-year stem, see 
Table 3.6. 
#: 1 year wood = 1 year twigs and 1 year stem, excluding the non-
sampled sheath of 1 year wood on older twigs and stem. 
+: The analysis refers to a full four replications per treatment. 
However, this includes one estimated value from each treatment 
(Appendi:< 1). These shaul d not be treated as "normal" sampl es 
and so the degrees of!freedom should be reduced. Subtracting 4 
df has the effect of lowering the F value from 7.89 to 5.02 
with the significance level becoming 0.025 < P < 0.05. 
The 301. response in total biomass is not allocated evenly across 
tree components. The response is 19i. above ground and 551. below ground. 
There is a si mi I ar response of 25'7. in the 1-year f 01 i age and 1-year 
wood. All "below ground components have responded and in particular fine 
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roots, with an 80X increase over controls (Table 3.9). 
The seasonal treatment data (Table 3.7) was not amenable to co-
variance analysis because of the low replication. However, in view of 
the non-significant ANOVA differences bebleen seasonal treatments or 
between Single and Split applications, all the data were pooled in an 
analysis of co-variance across rates (0, 30 and 90 grams) of applied 
nitrogen (Table 3.10). There was a highly significant above ground 
response to 90 g N, but none to 30 g N. In the co-variance analysis for 
below gt-ound biomass the individual treatment regression slopes wet-e 
significantly different. Accordingly these regressions were plotted and 
compared with those for above ground (Figure 3.8). Clearly above ground 
biomass increases in accordance with initial tree size, which is 
statistically the same across treatments. At the two lower rates of 
nitrogen (0 and 30 grams) the trend below ground is the same. However, 
with 90 g N there 1S virtually the same below ground biomass regardless 
of the initial tree size. This is discussed in the following section on 
root:shoot interactions. There is an indication from Figure 3.8 that 
there was in fact a response below ground to 30 g N. This was confirmed 
by an analysis of co-variance, the adjusted means being 2353 and 3024 
grams for Control and seasonal treatments respectively. 
Table 3.10 
Tree 
component 
Total 
Above Ground 
Below Ground 
i-year Foliage 
Fine Roots 
Dry weight of selected tree components at the end of the 
experiment (Oct, 1984), adjusted for initial tree size 
differences: effect of nitrogen rate. 
Grams of nitrogen applied (SE) P 
0 30 90 
n=4 n=6 n=12 
----------- dry weight grams -----------
8225a* 8575a 10769b (421 ) 0.000 
5717a 5692a 6848b (232) 0.000 
regl"'essi on slopes si gni fi cantl y di fferent P=O.016 
1518a 1623a 1917b ( 1(5) 0.005 
711a 907a 1297b ( 131> 0.002 
(SE): standard error for n=4. 
P probability of treatment differences according to ANCOVA. 
* : means followed by the same letter are not significantly 
different at P(O.05 according to Duncan's test. 
Some cat-e is requr i ed in compar i ng responses to 30 and 90 g N 
(Table 3.10). The co-variance analysis was not perfect as demonstrated 
by the different results if older foliage is the co-variate (Appendix 
5). With either co-variate the increase in 1-year foliage over 
Controls was not proportional to the quantity of nitrogen added. This 
was not a problem for fine roots because co-variance analysis had very 
grams 
dry 
weight 
grams 
dry 
weight 
10000 Above ground 
biomass ~ 
BOOO ~~ 
~A/ y:Yo 6000 
4000 
0 
2000 ~ 90 g N 
0 30 g N 
0 Control 
0 
5000 Below ground 
biomass ~ ~ ~ 
4000 ~ ~ ~ 
----
----
~-
3000 ;(0 o 0 0 
2000 
o 0 
1000 
O;---r--~--_,----._--._--,_--_.--_r--~--_, 
o 4 B 12 16 20 24 2 
Figure 3.B Relationship between initial tree 
size and final biomass 
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little effect, thet-e being a very poor overall relationship between 
initial D2H and below ground biomass (Figure 3.8). It is apparent that 
the increase in fine roots over Controls is in proportion to t.he 
quantity of nitrogen applied (Table 3.10). 
Nitrogen has increased foliage biomass which in turn allows 
a greater production of photosynthate. This has been channelled into 
extra production of stems, twigs and roots. The increased photosynthate 
production could be attributed to the increased foliage mass alone or 
in conjunction with an increased efficiency of photosynthesis. 
Photosynthetic efficiency (see Linder and Rook, (1984) for a 
review) was not measured in this study. Instead o·f direct measures, 
some workers have calculated net assimi lation rates as dry weight 
increases per unit of foliage (Miller and Miller 1976, BriH 1.983), 
Given that foliage itself is a major component of the year's production 
and given the limited duration of the experiment, this type of analysis 
was considered inappropriate here. 
3.3.3.3 Root:Shoot Interactions It is widely believed there is 
a functional equilibrium between the size and activity o·f roots and 
shoots (Brouwer 1983, Cannell 1985, Ledig 1983), There has been 
considerable research in this area but mainly on agronomic crops. The 
obvious difficulties in eHcavating root systems have generally 
restricted forest r-esearchers to seedlings (e.g. Ledig et al. 1970, 
Carlson and Pt-esig 198(1). There have been few studies on tree root 
systems in rei ati on to shoot growth and as al ready noted thet-e is a 
dearth of information for radiata pine. 
Reported root:shoot t-atios for- radiata pine are given in Table 
3.11. The value in this study (from Table 3.6) is higher than previous 
Table 3.11 Comparative data for- r-oot:shoot ratios in radiata pine. 
Site 
Chch. N.Z. 
t<aingar-oa N.Z. 
Rotor-ua N. Z. 
Belanglo N.S.W. 
Wai tarere N. Z. 
Mt.Stromlo A.C.T. 
Fingal, Tasmania 
Age 
(yrs) 
3 
18 
'1 
4 
4 
15 
28 
8 
3+ 
Root: shoot 
ratio 
0.434* 
0.12 
0,,22* 
0.167* 
0.213 
0.278 
0.400 
0.19 
0.25 
Roots 
collected 
all 
all# 
>5mm 
>3mm 
aliI 
Reference 
This Study 
Will 1966 
Wi 11 ~~ Hodgldss 1977 
Snowdon gl. I~ar i ng 1985 
Ritchie 1968 
>5mm Ovington et al. 1967 
all Ni el sen et al. 1984 
*= value for control treatment in fertilizer experiments. 
#: fine roots by sampling. 
+: seedl i ng5. 
estimates. The wide range of values must in part be due to the 
excavation methods adopted. There is some controversy in the literature 
as to the direction of root:shoot ratio as trees age or indeed whether 
it does vary. Ledig et aI. (1970) report an increasing root:shoot ratio 
during the seedling development stage in loblolly pine. Conversely 
Carlson and Presig (1980) shm'l that root:shoot r-atio to decrease in 
douglas fit-, and assume that this trend continued wi th oldet- trees, 
quoting Eis (1974) and Ovington (1957). This contention is debatable 
given the difficulty in completely recovering large root systems. 
Madgwick (1985) utilised estimating regression equations for above and 
below ground components to show a theoretically increasing root:shoot 
ratio from OBH =10 cm to OBH =: 40 cm, This is suppm-ted by Ritchie 
(1968) ITable 3.11). 
The response of roots to nitrogen fertilizer (Table 3.6) is not 
unusual (f:::ohmann 1,,/72, Nambi ar 1980), but the reI ati vel y greater 
r-esponse bel ClW gr·ouno contt-adi cts the wi del y hel d vi ew that ni tr-ogen 
decreases root:shoot ratio (Ledig 1983, Nambiar 1980). The considerable 
literature supporting this conventional \.'Jisdom has led to models of 
root:shoot interactions based on nitrogen supply (Thornley 1977, 
McI'1Lwtrie 1985), In accm-dance with these views it is usually assumed 
that on infertile sites (particularly those deficient in nitrogen) a 
greater proportion of net primary production is allocated below ground 
(Linder and Axelsson 1982, Keyes and Grier 1981, Tamm 1979). This trend 
was appat-ent in a tri.al with radiata pine (Will and Hodgkiss 1977) 
where root:shoot ratio decreased from 0.22 in a low nitrogen treatment 
to 0.16 in a hi.gh ni trogen treatment. Hm'lever, the method of root 
estimation was rudimentary with no roots < 5 mm being collected. 
There are, however, opposing views in the literature, e.g, 
Nadelhoffer et aI. (1985) suggested that fine root production increased 
along with nitrogen availability and that the ratio of root to shoot 
pr-ocucti on may have increased. In thi s study ni trogen has caused a 
significant (p=O.OI7l inct-ease in root:shoot ratio (Table 3.12). The 
same analysis using logarithmically transformed data (c.f. Snowdon and 
Waring 1985) gave a significance level of p=0.0099. 
Table 3. 12 Root:shoot ratios as influenced by the rate of nitrogen 
appl.ied. 
Treatment 
Contl~ol 
Seasonal 
1'1ain 
g N 
I) 
30 
90 
Root:shoot 
ratio 
O. iJ.34 
0.519 
0.569 
Number of 
trees 
4 
6 
12 
However, Ledig et al. (1970)caution against the LIse of simple 
root: shoot ratios because they change with age (tree size), They 
suggest the use of the allometric relationship: 
Ln (Shoot wt,) = aD + al Ln (Root wt.). 
Real treatment differences are ascertained by comparing the co-
efficient, iil (slope) between individual treatment regressions. If 
ai < 1, then a proportionately greater increase in roots than shoots is 
occurring. Adoption o·f this analysis often alters conclusions arrived 
at from examining root:shoot ratios (Waring 1950, Ledig and Perry 
1965) • 
H there is a natural increase in root:shoot ratio with tree 
size, then the tnmd in Table 3.12 could be a case of promoting the 
'fertilized tn:lss aL1ng the growth curve (c.f. Miller 1981>. This was 
tested on the four Control trees by regressing root:shoot ratio on 
total biomass. There I'llas a posi ti ve t~elationship (r 2 = 0.62) which 
indicated that for trees of this age, on this sl te, rootcshoot r"atio 
increases with tree size. An allometric analysis of the data was 
therefore appropriate (Table 3.13). 
Table 3.13 Regression equations for the allometric relationship of 
root on sheot: as influenced by the rate of nitrogen: 
Ln Shoot (wt.) = aD + al Ln Root (wt.), 
Treatment 9 N 010 (8E) ai (SE) r 2 p n 
-----------------------------------------------------------------------
Control I) 3.120 <0.913) 0.709 10,116) 0.95 0.026 4· 
Seasonal 30 ::S.490 (1.594) 0.643 10,201 ) 0.72 0.033 6 
Main 90 5.015 (2.901) 0.462 (0.350) 0.15 0.216 12 
Combined 4.153 10.832) 0.567 10.1(4) 0.60 0.000 22 
aD intercept. 
al slope. 
(BE) standard error. 
P Significance of equation. 
n number of trees used in equation. 
The slope (al) is less than one, i.e. root growth shows a 
proporti onatel y greater inct"ease than the shoot. Thl5 trend is 
accentuated with a higher nitrogen supply, supporting the data in 
Table 3.12. The non significance of the regression for the 90 g N 
treatment is consistent with the earlier co-variance analysis 
(Figure 3.8). Given this it is not sLlrpt-ising t.hat the regression 
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equations are statistically the same. 
The concl. LISi on is that root grollJth was proporti onatel y 
than shoat growth on all experimental trees. The increase in root:shoot 
ratio with nitrogen was due in part to a natural change in allometry. 
The evidence for a fertilizet~ effect per se \-Jas inconclusive because 
one equation was non significant. 
There have been a few other studies showing increased root:shoot 
ratios aftet- fertilization (Table 3.14). Snov.Jdon and Waring (1985) 
recognised a possible allometric effect where there was a large 
response to fet-tilizet~. Howevet-~, where tree sizes were similar they 
concluded that an inorganic nitrogen supply had stimulated root growth 
proportionately mot-e than shoot growth; possibly as an oppot-tunistic 
response to recovet- from transplanting shock. The libity of a 
competi ti on effect wi th the very cl ose spaci ng (14233 stems/hal was 
not addressed. However, Baskerville (1965) found that stand density did 
not significantly affect allometric relationships. 
Table 3.14 
Si.te 
Studies reporting increased root:shoot ratios following 
fer ti liz at ian. 
Sped es Age Fertilizer/tree Yrs Root:shoot Reference 
(yrs) g N g P 
* 
ratio 
-----------------------------------------------------------------------
Bottle Lake radiata 3 0 1 0.434 This Study 
N. Z. pine 30 1 0.519 
90 1 0.569 
Belanglo radiata 4- 0 0 3 0.167 Snowdon and 
N.S.W. pine 4 26 11 3 0.191 Waring 1985 
Tool at-a slash 2.8 0 43 2.8 0.236 Francis et al. 
Qsld. pine 41 43 2.8 0.323 1984 
Fl or i da slash r::: '-' 0 5 0.299 ~jhi te et al. 
U.S.A. pine 10 r::: 0.351 1971 ,J 
-----------------------------------------------------------------------
*= years since fertilizer applied. 
l~hite et al. <1971> ga.ve no e1<planation for the increase they 
observed, but Pritchett (1979, p.168) notes that the greatest increase 
in root biomass occurred where the sail rooting volume was low because 
of a high water table. Francis et al. (1984) also offered no 
e~-:planation, but recognised the unusual nature of their resLlI ts and 
went on to confirm an increase at other sites with both slash pine and 
Hondut~as caribbean pine (Pinu.s caribaea var. hondu.rensis.). 
Interestingly this Queensland work was also on soils with a limited 
rooting volume due to a shallow soil over a Clay subsoil. 
The limitation of the analyses presented above is that they only 
present a point in time view of a dynamic process. Fine root biomass is 
reported to increase in the stand's early years and may reach a peak, 
coincident with canopy closure (Karizumi 1968). The functional balance 
between shoats and roots is normally pet-turbed by periodicity in the 
activity of shoat meristems (Cannell 1985). However, a balance is 
usually maintained over the longer term (Cannell and Willet 1976) 
because a period of shoot growth is often paralleled by equal and 
opposite fluctuations in root ,;,wowth (Drew and Ledig 1980). It seems 
probable that the tree has initially responded to nitrogen by 
increasing its photosynthetic capaCity. The increased photosynthate has 
been used by mast. tt-ee components, but primari I y below ground. In 
radiata pine leaf pt-imordia develop some 6 to 12 months after being 
formed (Linder and Rook 1984). Some of the response to fertilizer will 
probably be delaye~ for this length of time, which may partly explain 
the limited response above ground in the first growing season. This is 
supported by the ef·feet o·F ini tial tree size on final above ground 
biomass (Figure 3.8). 
The balance between shoot and root temporarily favours the 
latter, but in SUbsequent growing seasons the shoot may respond 
furthel~. At thi s stage of dynami c stand g~-owth it seems Ii kel y the 
roots have responded to accelerate their utilisation of the site with 
subsequent benefits. This explanation would also support the contention 
of Santantoni 0 and Herman (1985) that the growth o·F roots di f·fers 
fundamentally from that of shoots by being far more opportunistic and 
e>:pl oi taU ve. 
3.:::::.3.4 AllocatioD. of biomas§. within the ~~ of youn.,g radiata 
Qi.!l!E. The t-elative alloc<:\tion of biomass between tree components for 
this and similar studies is given in Table 3.15. As tree size increases 
there is a relative shift in allocation from foliage to stems and mare 
particularly to branches during the open canopy stage (Madgwick et al. 
1977). This same pa·ttern may be induced wi th a large response to 
ni trogen ferti li zet- (Snowdon and l"'aring 1985). Hm'lever, ~lambiar and 
Fife (in press) found only small changes in allocation, although tree 
biomass was doubled. In general though nitrogen increases the 
proportion of branches, and this is also valid for older stands (Mead 
et al. 1984) and for ather species, e.g. douglas fir (Brix 1981). 
Radiata pine has a higher proportion of branches than many pines 
(Madgwick et al. 1977) and a further increase due to nitrogen 
fertilizer has important implications for management with regard to 
woad quality (Bevege 1984, Barker 1978). Stem malformation due to the 
loss of apical dominance an fertile sites (Will 1971) can be a problem 
al though the e:·:tent \'Ia5 found to vary between two c1 ones (I~i 11 and 
Hodgkiss 1977). 
In this study the crown allocation patterns were not apparently 
affected by fSt-tiIizer (Table 3.16). An analysis using the allometric 
equation showed proportionately greater growth of crown and branches; 
40 
this being accentuated by fertilizer, but none of the differences was 
significant. The lack of changes in allocation was probably related to 
the rei ati vel. y sma.ll above gy"ound response and the hi gh between ty"ee 
var i ,.:I.b iii t y. 
Tabl e 3.15 Comparative data for relative allocation of above ground 
biomass in yaung radiata pine. 
Site Age gNI Foliage Branches Stem 
---------- /. 
Bottle Lake ,", ..::. (I 5" 
'-' 
18 29 
Cheh. N.Z. 3 0 39 27 34 
3 90 38 29 33 
Kaingaroa 2 (\ 50 18 "'" .... '.a!. 
NuZ. 4 0 32 30 38 
Spehrs Pltn. 4 0 37 26 .37 
S.A. 4 80 39 26 35 
Tumut FOI~. 3 0 46 18 36 
N.S.W. 5 0 37 21 42 
Belanglo 4 0 52 13 .... 1:' '.J...J 
N.S.W. i1 26+F' 38 16 46 
Fiotorua 6 0 16 34 50 
N.Z. 6 DH 18 44 38 
* double topsail available to trees. 
This study 
Madgwick et 211. 
1977 
Nambiar and Fife 
in press 
Forrest & Ovington 
1970 
Snowdon ~{ Wad ng 
1985 
Wi II ~< Hodgki ss 
1977 
Tabl e 3.16 The effect of nitrogen supply an ratios of stem to crown 
and branches. 
Ratio 
Stem*= Crown# 
stem : Branches 
o 30 
grams N applied 
0.486 
1. 218 
0.ll55 
1.085 
*= wood plus bark plus new stem. 
#~ foliage plus branches. 
90 
0.475 
1.124 
p: probability of treatment differences. 
P 
0.836 
0.753 
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Individual needles ha.ve been used as the basis fot- e:·~pt-essing 
results to overcome the variation in the number of needles per fascicle 
between trees. Three parameters: needle length, needle weight and 
needles per fascicle are discussed in three sections: seasonal 
patterns, treatment differences and crown position effects. 
3.3A,i SE!.8sonal Patterns Figur-e 3.9 shm'is (a) needle length and 
(b) needle weight. Figure 3.10 shows needles per fascicle. The seasonal 
patterns were the same regardless of treatment. 
The length was constant at about 108 mm (Figure 
3.9a). Thet-e w·::-..s3. ~'ie.ight gain o·f 4 mg per- needle ovet- the vJinter 
(e:-:cluding the 3 initial values from a di·f·ferent sampling scheme, see 
Section 3.2) (Figure 3.9b). This 20% increase could reflect storage of 
new photosynthate production and/or accumulation of carbohydrates from 
other tr-ee tissues. The increase ~'Jas in agreement wi th Rutter (1957> 1 
Smith et al. (1971), and was implied in Madgwick (1983a). However, Fife 
and Nambiar (1982, 1984), working with similar aged radiata pine, found 
no significant changes in needle weight after elongation was complete. 
12.83/81 Foliag.§, Sampling of this 'foliage began in November 
,::i.l though need 1 es ~'iet-e appe<:wi ng from earl y October'. There was rapi d 
el ongat i on wi th an at tendant ~'iei ght i net-ease unt ill ate March when 
needles ceased lengthening (Figure 3.9a). Needles in the upper crown 
~'ier'e longer (143 mm) and heaviet- (37 mg) than those in the middle 
CTm'in (134 enm and 29 eng pet- needle), {\ pedod o·f stability 'followed 
before a further gain in weight was noted during May and June, which is 
consi stent vJi th that observed 'for- the previ ous Yf2':1.t-' s fol i age (Fi gUYe 
3.9b). By September the needle weights were 45 and 35 mg for upper and 
middle crown pOSitions respectively. This was heavier than that of the 
pr-evious year's needles, \~hile 1983/84 may have been a pat-ticulat-ly 
good grm'iing ~;eason, m- 1982/83 a pom- one, it is also possible that 
the difference was due to tree age. 
The 1983/84 needles lfIet-e considerably heavier' than the 28 and 
18 mg per needle reported by Fife and Nambiar (1984) in South 
Australia. On the basis of their reasoning for needles being heavier on 
a higher quality site (Fife and Nambiar 1982), it might be assumed that 
Bottl e Lake is a mOI~e producti ve si te than those studi ed in South 
Austt-alia. However, as ~'ias noted in Section 3.3.3.1 the total above 
ground biomass is greater in South Australia. 
Samples of fascicles ft-om the upper crowns of individual trees 
had an average of 3.11 needles per fascicle with a range of 3.00-3.68. 
Middle crown fascicles averaged 3.04 needles per fascicle with a range 
of 2.99--3.15, The number of needles per fascicle ~'ias always highet- in 
the uppet- crmm on an individual h'ee basis. There ~'ias an apparent 
seasonal effect (Figure 3.10) with fewer needles per fascicle in 
150 
rom 
130 
110 
90 
70 
50 
30 
0 
50 
40 
mg 
30 per 
needle 20 
10 
42 
1982/83 foliage 1983/84 foliage 
(a) "',. ... --... -.--- .. - ... ---,,--" 
.. -I --.----.-.----.---_. . 
.. . 
/1 
_.-..-................. -.-.-.-.,.-.-.-. .. ii 
I? 
if 
0-0------0 
_._e 
M 
(b) 
.. . 
1/ 
// 
• I 
• 
_ ............ / 
._e_._._e_e-e-e-e 
J J A s o 
100 200 
J F 
DAYS 
M 
I 
300 
... upper crown 
• middle crown 
~ 0 autumn shoots 
A M J J A 
400 
Figure 3.9 Seasonal patterns of (a) needle length 
and (b) needle weight 
s 
500 
3.16 
3.14 
.a. .a. upper crown 
.a. 
.a. 
3.12 .a. .a. .a. .a. .a. .a. 
44 
samples collected early in the growing season. 
Towards the end of February a small but distinct flush was noted 
on most trees and these have been termed autumn shoots (c. f. Fife 
and Nambiar 1984). They occurred as extensions of the upper and middle 
crmm br"anches already designated. They were sampled on three dates 
once elongation was complete. Autumn shoot needles in the upper crown 
were longe~" and heavier than those in the middle crown (Figure 3.9 a 
and b). Comparisons with the main flush were hindered because not all 
trees produced autumn shoots <Table 3.17). Their presence was 
apparently related to initial tree size, nitrogen supply and crown 
position. Cadson and Pt-esig (1980) reported that ni increased 
the proportion of douglas fir seedlings with a second growth flush. 
No sectioning of the 1983/84 foliage was undertaken at the final 
harvest, so t.he propm-tion of autumn shoots is not known. They were, 
however, visually assessed to be a minor component. 
Table 3.17 Percentage of trees having autumn shoots. 
Tr"eatment Initial D2H % trees with autumn shoots 
in 
Control 26.48 
Single 26.46 
lit 29,08 
9-Spli t 2:2:.58 
Aut.umn 19.22 
Spri ng 26.43 
SLlmmer 231175 
3.3.4.2 Differences 
discussing the 'four main treatments; 
9-Split, i.e. 16 trees. 
upper crown middle crown 
100 50 
100 100 
100 100 
100 50 
5(1 50 
100 100 
50 100 
This section is restricted to 
Control, Single, 3-Split, and 
1982/83 The weight increase during winter shown in 
Figure 3.9b was similar for all treatments. There were no significant 
diffet-ences bah-Ieen the weights at each date or in the % increase 
(Tabl e 3.18). 
1983/84 There was a 25% increase in this foliage mass 
for .fertilized trees over Control (Table 3.6). This could be due to one 
of three factors or a combination of them: 
(i) increased needles per fascicle. 
(ii) increased individual needle size. 
(iii) increased total number of needles. 
Table 3.18 Increase in needle weight during winter 1983. 
Control Single 3-Split 9-Split (SE) P 
-------------- mg 1 needle -------------
2nd May 20 21 18.5 20.5 (1. 55) 
Oct/Nov* 25113 25112 24.6 24.6 (1. 94·) 0.700 
!. increase 27 20 33 20 (6.52) 0.404 
*: mean of four dates. 
(1) Needles gar Fascicle The eHect of fertilizer on needles per 
fascicle was tested using analysis of co-variance with the needles per 
fascicle in the 1981/83 folia.ge as the co-variate. (This varied from 
2.99-3.34 needl es per fasci cl e wi th a mean of 3.09.) There was a 
tendency for needles per fascicle to be increased by fertilizer, but 
overall treatment differences were non-significant (Table 3.19). 
However, a single degree of freedom contrast showed that there was a 
significant (p = 0.(6) fertilizer effect in the upper crown. 
Table 3.19 Actual needles per fascicle and adjusted means as affected 
by 'ferti lizer. 
Crown position Control Single 3-Split 9-Split (BE) p 
needles per fascicle* --------
Upper crown (actLlal) 3.10 3.07 3.20 3.11 (0.086) 0.723 
(adjusted) 3.04 3.14 3.17 3.13 (0.042) 0.218 
Middle crmm (actual) 3.04 3.02 3.05 3.06 (0,031 ) 0.832 
(adjusted) 3.03 .3.04 3.05 3.06 (0.024 ) 0.772 
*= mean value for all sampling dates, n=16. 
(ii) Needle Weight ~nd Length Statistical analyses were 
pedormed on needl e wei ght data for each sampl i ng date (15 Novembet-, 
1.98.3 - 28 September 1984). Needle length data was similarly analysed 
until elongation was complete (27 March, 1984). After this variability 
between dates is attributed solely to sampling error, so a mean length 
for. the seven dates (27 March - 28 September, 1984) was used in the 
analysis. 
To account for initial tree variability, an analysis of co-
variance was used. For needle length the mean value of all samples from 
the 1982/83 foliage was used as a co-variate. For needle weight the 
mean of the last four sampling dates for the 1982/83 foliage was used, 
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as Figure 3.9b shows a stable value then. The usual requirement that 
the co-variate be unaffected by treatment is met in this caSE! (Table 
3.18). It is interesting to note that the increase in precision 
t-esulting ,from co-variance is greatest in the middle crown samples. 
This is presumably because these needles occured on extensions of the 
br"anc:hes from \>.Ihi ch the IIco-vari ate needl es ll were sampled (Fi gure 
3. 1b) . 
Results for needle length and weight in the upper and middle 
crown are given in Appendix 7. The results from partitioning the ANCOVA 
into a single degree of freedom contrc1sts are summarised in Tables 
3.20, 3.21, 3.22 and 3.23. 
Table 3.20 Probabilities (p) of treatment differences in upper crown 
needle length, according to single degree of freedom 
contrasts. 
Date 
November 15 
November 28 
December 28 
January 16 
January 24-
Febt-uary 7 
February 21. 
March 6 
I"lar-Sept* 
Control vs Single vs 3 vs 9 
fertilized Split Split 
------------- P -------------
0.434 011239 0.824 
0.466 0.451 0.637 
0.216 0.740 0.882 
0.129 0.203 0.549 
0.290 0.913 0.185 
0.092 0.533 0.571 
0.352 0.146 0.225 
0.334 0.484 0.032 
0.135 0.905 0.033 
--------------------------------------------
* : data for 7 dates (Mar. 27 - Sept. 28) 
combined. 
There was no statistically significant increase in needle length 
in the I.lppet- crown due to fertilizer (Table 3.20). The needles on 
9-Split trees finally became longer than those on the 3-Split trees. 
The pattern in the middle crown was different with a fertilizer effect 
being apparent from December to February (Table 3.211. However, once 
elongation was complete fertilized needles were not significantly 
longer. The difference between 3 and 9-Split trees was again apparent. 
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Table 3.21 Probabilities (p) of treatment differences in middle crown 
needle length, according to single degree of freedom 
contr-asts. 
Table 3.22 
Date Control '.IS Single '.IS 3 '.IS 9 
fertilized Split Split 
------------- P -------------
Novembet- 15 0.285 0.063 0.683 
November' 28 0.205 0.288 0.947 
December 13 0.074 0.151 0.969 
December 28 0.080 0.299 0.897 
,Janual~y 16 0.029 0.551 0.454 
January 24 0.013 0.239 0.765 
Febntarv 7 0.006 0.782 0.889 
Februat-y 21 0.108 0.972 0.488 
l'1ar- ch 6 0.466 0.723 0.314 
t~al~-Sept* 0.481 0.950 0.024 
----------------------------------------------
* : combined data for 7 dates (Mar. 27 - Sept. 28). 
Probabilities (p) of treatment differences in upper crown 
needle weight, according to single degree of freedom 
conti'-asts. 
Date Control vs Single vs 3 vs 9-Split 
fertilized Split 
---------------- P ----------------
Novembet- 15 0.168 0.570 0.673 
November 28 0.224 0.616 0.480 
December 28 0.118 0.932 0.674 
,January 16 0.063 0.613 0.264 
J'anuary 24 0.080 0.935 0.141 
Febt-uat-y 7 0.018 0.948 0.221 
Febt-uary 21 0.006 0.540 0.071 
Man:h 6 0.012 0.407 0.024 
t1at-ch 27 0.048 0.778 0.001 
Apr'il -r 0.052 0.665 0.084-I 
I"lay 5 0.076 0.932 0.060 
.June 20 0.027 0.709 0.039 
July 5 0.162 0.894 0.092 
August 21 0.076 0.427 0.057 
Septembet- 28 0.121 0.829 0.035 
------------------------------------------------
Table 3.23 
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Probabilities (p) of treatment differences in middle crown 
needle weight, according to single degree of freedom 
cont.roasts. 
Date 
November 15 
November 28 
December 13 
December 28 
Janua.ry 16 
Jan'_lary 24 
Feburar), 7 
Feburat~y 21 
March 6 
t"larch 27 
April 7 
May 5 
June 20 
July 5 
August 21 
Septembet~ 28 
Control vs Single vs 3 vs 9 
fertilized split split. 
------------ P -------------
0.388 0.521 0.337 
0.269 0.425 0.648 
0.286 0.402 0.84·8 
0.139 0.459 0.627 
0.054 0.726 0.240 
0.036 0.152 0.390 
0.003 0.610 0.271 
0.058 0.513 0.304· 
0.14·7 0.507 0.099 
0.011 0.193 0.590 
0.076 0.445 0.054 
0.049 0.448 0.125 
0.288 0.850 0.086 
0.229 0.784 0.004 
0.191 0.990 0.186 
0.072 0.743 0.071 
------~---------------------------------------
Needle weight in the upper 
significantly heavier by January 
crown of fertilized trees was 
(Table 3.22). From March the 
difference beetween 3 and 9-Split was also statistically significant. A 
similar trend was also apparent for the middle crown needles <Table 
3.23) although the difference between split treatments was not so 
pronoLlnced. 
There was an indication of mare rapid growth of needles on 
felrtilized trees, but finally there were no statistically significant 
differences. This was partly due to the difference between fertilizer 
treatments. The 3-Split needles were either the same size or smaller 
than Control s. The 9-Sp lit need I es, hm-lever, were 51. longer and 321. 
heavier than Controls in the middle crown by the end of the experiment 
(Appendil{ 7). 
(iii) Numbel~ of Needles This was nat assessed at the final 
harvest but an estimate was calculated for the 1983/84 (1-year) foliage 
as an indication of the response to ferti 1 izera The mass of i-year 
needles I-Ias divided by the best apprmdmation of individual needle 
weight, i.e. 8011 avera.ge of upper and middle crown needle weight fot-
September 28 (11 da.ys before the final harvest) <Table 3.24). There 
appears to be an inverse relationship between foliage mass and 
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individual needle weight for the fertilized trees. The Single and 3-
Split treatments have responded by pt-oducing more needles. There are 
apparently fewer needles on the 9-Split trees. 
Table 3.24 1983/84 foliage mass, needle weight and needle number. 
Control Singl.e 3-Split 9-Split 
Foliage mass (g) 1571 2002 2196 1696 
Needle weight (mg) :36.5 4·1. 5 37.5 45.5 
Number of needles 43,000 48,000 59,000 37,000 
The three pt-oc:esses which could have produced the 251. weight 
increase in foliage fol.lowing fertilization seem to have acted 
differently across treatments. The Single treatment has responded with 
more and heavier needles. The 3-Split shows no increase in needle 
weight by the end of the experiment, but has many more needles. This is 
partly due to the greater number of needles per fascicle (Table 3.19). 
It is not suggested that these dif'ferences are due to the method of 
fertilizer application, but probably to initial tree size. The weight 
of older foliage (which is an estimate of initial ·foliage mass) was 
561, 602, 688 and 435 grams for the Control, Single, 3-Split and 9-
Spl it treatments respecti vel y. It is suggested that the larger .3-Spl it 
trees had a greater capacity for initiating more short shoots 
(fascicles), whereas the small 9-Split trees were t-estricted in this 
aspect and developed heavier individual needles. This is further 
supported by the growth of autumn shoots which were especially 
pronounced on the 3-Spl it trees but absent from some of the 9-Spl i t 
trees (Table 3.17). 
3.3.4.3 Ct-ol'.!.!l Position DiHerences It has already been noted 
that upper crmm needles ~'-Iere longer and heavier than those in the 
middle crown. The number of needles per fascicle ~'-Ias also greater in 
the upper crown. There is some evidence for fertilizer having a greater 
e·f·fect on middle crown needles, e.g. a greater percentage of weight 
increase than in the upper crown (Appendix 7), and significantly longer 
needles (Table :3.21). This would be in agt-eement with the hypothesis 
that fet-tilized trees increase their foliage mass by becoming more 
"bushy" with e:'(pansion in the middle crown (l~ill and Hodgkiss 1977). An 
analysis was run on the needle weight ratios between upper and middle 
crown. There were no significant differences between treatments 
indicating that a reasonable balance was maintained within the crown 
regat-dless Q·f the ni trogen status on this si teo The anal ysi s does, 
however, show a seasonal trend in the ratio (Figure 3.11). Initially 
upper crown needles were much heavier, but this declined to about a 301. 
Figure 3.11 
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increase over middle crown needles. This pattern could be explained if 
upper ct-Ol<ln needles l<lere initiated earlier. It may also be regarded as 
showing the eady season concentration o·f growth 1.n the upper crown 
followed by a diversion of relatively more resources to the middle 
crown as the season progresses. 
3.4 CONCLUSION 
{1pplications of 90 g N per tree, whether appl ied singl y or as 
split dressings, resulted in a 30% biomass response. This was 
particularly pronounced below ground, which was related to the 
exploitative nature of the roots and the limits on above ground 
production in the first yeal~ after fertiliztion. The 25% inct-ease in 
foliage formed during the first year of response was attributed to an 
increase in needle weight, number of needles (e.g. autumn shoots) and, 
partly, number of ne~dles per fascicle. 
Applications of 30 g N per tree gave a below ground response, but 
no statistically significant increase above ground. 
The foliage elongated from October 1983 until March 1984. Needle 
~'1eight then stabU ised, which coincided wi th the formation of autumn 
shoots on most trees. After these wel~e formed and when stem di ameter 
growth ceased in May, there was a further increase in needle weight. 
The seasonal growth of rootstock and coarse roots probably paralleled 
stem growth (NZFS, 1985). The timing of fine root growth and in 
particular the large response on fertilized trees is more equivocal. If 
major growth phases of root a.nd shoot are episodic, as t-eported -for 
loblolly pine seedlings (Drew and Ledig 1980), it is probable that the 
ffiCijOrity of the fine root n::·sponse occul'Ted after the ma.in foliage 
flush, i.e. from March onwards. 
Had this study relied on above ground biomass determinations, and 
an assessment of stem diameter at 15 em, the effect of fertilizer might 
have seemed minor. Doubts would have been raised about the benefits of 
nitrogen fertilization on sandy soils (c.f. Nambiar and Cellier 1985). 
However, this study shows that the major to nitrogen in young 
pines may be hidden below ground. This should confer stability and, in 
subsequent years, a 
produce extra growth. 
ability to absorb water and nutrients, and 
An appropriate step to detect this below ground 
response may be to measure diameter at the base of the stem. 
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CHAPTER 4 
FOLIAR NUTRIENTS UPTAKE AND PARTITIONING 
4. 1 I NTRODUCT ION 
Fol i ar nutri ent concentrati ons (grams el ement per gram ti ssue) 
and nutrient content (grams element per fasicle or needle) are used to 
monitor the nutritional status of pine forests (Will 1985), to detect 
treatment di fferences (Mead 1984) and to investigate nutri ent 
retranslocation (Fife and Nambiar 1982, 1984). Several reviews of 
foliar analysis as a tool in nutritional research are available (Mead 
1984, Lambed 1985 and van den Driessche 1974). A further detailed 
review is not appropr~ate here. This chapter concentrates on the effect 
of nitrogen fertilizer on the seasonal patterns of foliar nitrogen and 
its partitioning within the crown. The use of foliar nitrogen analysis 
to monitor the uptake of fertilizer nitrogen into the tree is presented 
in Chapter 5. Nitrogen should not be studied in isolation as it is 
linked with other elements in physiological processes. Accordingly the 
levels of other nutrients and their interactions with nitrogen are 
briefly discussed. 
4.2 METHODS 
The collection, drying and weighing of foliage samples have 
been described in Chapter 3. After drying, samples were finely ground 
in a Rocklabs Mill. Care \'ias taken to prevent cross contamination by 
careful cleaning between samples, -and by ensuring that unfertilized 
tree samples were ground first in a batch. 
Samples collected on at least 0, 14, 55 and 110 days after each 
major fertilizer application (May, August and December 1983) were 
analysed for total nitrogen. Additional samples were analysed to 
characterise more clearly the seasonal patterns on this site. All trees 
were analysed individually. Only data from the main treatments are 
discussed, except where the seasonal treatments provide additional 
information. 
4.2.1 Total Nitrogen 
A modified semi-micro Kjeldahl digestion procedure was used, 
adapted from Bremner and Mulvaney (1982), Buresh et. al. (1982), Nelson 
and Sommers (1980) and Nicholson (1984), Finely ground 200 mg samples 
were digested with one sodium sulphate/selenium catalyst tablet 
(containing 1 g Na 2 S04 and 0.05 t] Se) and 4 ml concentrated sulphuric 
acid in a Tecator aluminium digestion block. The block was preheated to 
200°C and increased to 375°C during di ion. The samples took 50 
minutes to "clear", after l'ihich the temperature was maintained for 2 
hours. Digests were then cooled and diluted to 25 mI. 
Nitrogen was determined in aliquots of digests, by steam 
distillation in the presence of sodium hydroxide. Ammonia was absorbed 
in boric acid indicator solution and titrated with standardised 0.01 N 
sulphuric acid, Two steam distillation units were constructed (c.f. 
Keeney and Nelson 1982, p.652, and Greenfield pers. comm.) and run 
alternately from the same steam source. The results were converted to 
an oven dry basis using a moisture factor, determined by drying a 
portion of the original ground sample at 65°C for 24 hours. Corrections 
were also made fOl~ the efHciency of the steam distillation units by 
distilling aliquots of a standard ammonium sulphate solution, The 
recovery was usually) 98%. 
The method was rigorously checked by digesting various 
compounds, to detero-ine recoveries, and by participating in 
International Union of Forestry Research Organisations 
nitrogen 
the 1984 
( IUFROl 
interlaboratory comparison for foliar analysis. The two foliage samples 
(84/1 radiata pine and 84/2 Eucalyptus nitensl were distributed by 
Dr.G.M. Will who reports the results in Will (1986), This method l>4as 
compared with that of Parkinson and Allen (1975), modified by Nicholson 
(1984) (Table 4.1), 
Table 4.1 Results from 1984 interlaboratory comparison and recoveries 
of two nitrogen compounds. 
Method IUFRO foliage samples* 
8411 84/2 
I. oven dry weight 
1.31 1.88 
1.27 1.80 
EDTA Gl ycine 
-- I. recovery 
98 98 
80 92 
*= international means with (s.d.) were 84/1: 1.30 (0.09) 
84/2: 1'.81 (0.17). 
#: this study. 
+: Parkinson and Allen (1975), 
Samples were analysed in duplicate and the usual difference 
relative to their mean was 1-3%. Differences> 4% were rejected and the 
analysis repeated. 
4.2.2 Other Nutrients 
Analyses were performed for a number of elements, using an X-ray 
fl uorescence (XRF) spectrophotometel~ (Jones 1982, Norri sh and HLltton 
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1977). Concentrations of elements in the sample were calculated from 
comparison with a calibration curve. The results are only as accurate 
as the standards LIsee! in preparing the calibration. In this study the 
standards used are six plant materials from the Commonwealth, 
Scientific and Industrial Research Organisation (analysed by XRF), 
three from the National Bureau of Standards (analysed by chemical 
methods>, and thY"ee cellulose blanks. Regressions were run for each 
element and any standard lying ) 2 s.d. from the calculated value was 
rejected from the calibration. 
Sample preparation consisted of making a firm pellet from finely 
ground needles in an Analytron Auto Press. Polyvinyl acetate solution 
was used to ensure a robust pellet. Because of the limited sample size 
the analyses were on a bulked treatment basis. 
The 'foliage collected at the final biomass (Chapter 3) was also 
analysed by XRF. In this case individual trees were able to be analysed 
separately. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Nitrogen COn£§Dtration 
The foliar nitrogen concentrations are shawn for the main 
treatments only (Figure 4.1>. Data for the mature 1982/83 foliage are 
shown until sampling is changed to the newly expanding 1983/84 foliage. 
Only data for the upper crown needles are presented here. Differences 
between crown positions are discussed in Section 4.3.2. The fallowing 
sections, 4.3.1.1 - 4.3.1.4, all refer to Figure 4.1. 
4.3.1.1 foliage - Unfertilized The data for all 
unfertilized trees during the winter (May - August, 1983) show a slight 
rise from 1.61 - 1.66% N. A pronOLlnced rise was apparent on Control 
trees in spring, reaching 1.85% N by the beginning of November (Figure 
4.1). This rise may be attributed to uptake of soil nitrogen or 
retranslocation from other tree components. The decline from mid 
November was also apparent on unfertilized Summer treatment trees (data 
nat presented). 
4.:3.1.2 1982/83 Fertilizer applications 
increased nitt-ogen concentrations markedly in these mature needles; 
however, the same decline was apparent in November. The 9-Split 
treatment appeared to elicit a larger response in foliar nitrogen 
concentration (FiglJre 4.1>. This shOLlld not necessarily be used to 
indicate greater uptake o·f fertiI i zer, as factors ather than nitrogen 
supply will influence tissue concentration. Of these, needle size, the 
number of needles per tree, and initial nitrogen concentration may be 
i.mportant. Co-variance analysis using initial foliar nitrogen 
concentration as the co-variate had little effect on the values (Table 
0/0 N 
Fertilizer applications 
+ + + + + + + + + 
2.6 ._, 
2.4 
2.2 
2.0 
1.8 
1.6 
1.4 
+ 
1982/83 foliage 
/:\~ 
1983-84 foliage 
9 - split + 
3 - split ... 
Single 
Control • • / ~o)\'~ 
"'-"'/ -/-\ ~ / ~ 0_0/ \,:~+ "~: h ,- " "'i ""'- ~ ," " _______ /"_~ ~:7"---"/ "~~*\:::::!~ "~. 
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Figure 4.1 Foliar nitrogen concentration in upper crown needles 
tn 
tn 
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4.2). The reciprocal of older foliage biomass (Chapter 3) was also 
tried as a co-variate (Table 4.3). Foliage biomass, which is an 
indicator of the total number of needles because of the similar needle 
weights (Table 3.18), was considered critical because if there were a 
smaller number of needles, each one would receive more nitrogen, 
resulting in a higher concentration, ceterus paribus. 
Table 4.2 Nitrogen concentration in 1982/83 
1983, with means adjusted 
concentration. 
'foliage on 
for ini tial 
22 
Control Single 3-Split 9-Split (SE) 
----------- X N oven dry weight -----------
Actual 1.59 1. 70 1. 81 2.02 <0.069) 
Adjusted 1.60 1.66 1. 84 2.02 (0.069) 
(SE): standard error. 
August, 
nitrogen 
Table 4.3 Nitrogen concentrations in 1982/83 foliage with means from 
analysis of co-variance with old foliage biomass. 
Date 
May 2 
actual 
adjusted 
August 22 
actual 
adjusted 
November 15 
actual 
adjLlsted 
Control Single 3-Split 9-Split (SE) 
------------- X N oven dry weight -------------
1.56 1.66 1. 51 1. 59 <0.(43) 
1. 57 1.67 1. 54 1. 55 (0.04·3) 
1.59 1. 71 1. 81 2.02 (0.069) 
1.60 1. 73 1.87 1. 92 (0.060) 
1.66 1.88 1. 89 2.1)8 (0.081 ) 
1.67 1.90 1. 95 1.99 (1).077) 
p 
0.154 
0.152 
0.005 
0.019 
0.025 
0.066 
---------------------------------~-------------------------------------
standard error. (SE) : 
p probability of treatment differences according to ANOVA and 
ANCOVA respectively. 
Analyses of the probabilities 
freedom contrasts showed that 
in Table 4.3 with single degree of 
the significant increase was above 
Controls and not between fertilizer treatments. The "superiority" of 
57 
the 9-Split treatment is 
characteristics. 
not real, and due to inherent tree 
4.3. L 3 1983/84 Con:l;rol The young needles initially 
had hi gh concentr-ati ons of ni trogen, ~'.)hi ch decl i ned ra.pi dl y as carbon 
fiNation e)·(ceeded nitrogen accumulation. In New Zealand the foliar 
ni status is preferably assessed from January to March (Mead and 
l~ill 1976) ~~hen h'ees ·are undet- maldmwo stress. The minimum value in 
late January was 1.47% N which is borderline between the marginal and 
satisfactory categot-ies given for radiata pine (I,,tJill 1985). It should 
be noted that these are young tre~s and critical levels are thought to 
vary i'li th the devel opmental oi~ trees H'Ii 11 P-t- et al. 1981). 
Lambert (1985) shows that ni concentration falls from 1.8 to 1.1% 
in radiate pine from age 1 - 7 years. Nambiar and Bowen (1986) report 
that n i concentt-aU on has decr'eased from 2.031'; in i-year-ol d 
trees to 1.33% in 4-year-old trees. Because critical levels are 
generally poorly defi~ed (Mead 1984) and because of the growth response 
to nitrogen (Chapter 3), it is assumed that this site is na.lly 
deficient in nitrogen. 
Miller et al. (1981) found 
cot-si can pi ne oCCLwred at a 1 m'let-
diameter or volume inct-ement. It is 
that optimum height growth for 
nitrogen concentration than for 
Ii kel y that the 1.47% 1\1 reported 
above is at least optimal for height growth of radiata pine, given the 
lack of response in this pat-ameter. The diameter response indicates 
that 1.47% N is less than optimal for radial growth (Chapter 3). 
After the summer minimum the concentration tends to rise through 
the remainder of the growing season and into the neNt one. The value in 
August, 1984 <1,6% N) is the same as that in August 1983, although 
needles were 78 % heavier and total tree biomass had increased by about 
600% (Chaptet- 3)" Clearly the decline in nitrogen concentration with 
age, reported above, has not yet occurred. The nitrogen supply must be 
reasonable to maintain concentration with such a large biomass 
increase. Lambet-t (1985) argues for a tempot-ary r'api d mi net-ali zati on 
rate associated with disturbance at planting. 
The seasonal pa.ttet-ns ('Ier-e in gener'al agt-eement wi th Fife and 
Nambiar (1982) working with similar radiata pine in South 
Australia. However, their minimum value (in March) was 1.1% N on trees 
which had received nitrogen at planting and one year later. 
4.3.1.4 Fq.!i®.§ - Ferti tized The foliar nitrogen 
levels were initially very high, up to 2.7% N. These upper crown 
needles had significantly higher values than Controls (Table 4.4), 
HO\'.)evet-, the concentrati on decl i ned rapidl y as needles e:(panded and 
within 6 weeks they were not significantly hi than Controls, This 
decline occurred less of two treatments being fertilized on 
December 13. In contrast to the Control trees, concentrations continued 
to fall beyond the usual summer minimum and eventually became 
significantly 1 o \'iet- (Table 4.4), The minimum concentrations in June 
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were 1.37, 1.43 and 1.421. N for the Single, 3-Split and 9-Split 
treatments respectively. These levels are considered marginal, although 
their ilctual effect on photosynthesis is Ltnknown (Fife and Nambiar 
1982) • 
The decline in late summer and autumn could be a dilution effect 
due to additional growth induced by fertilizer (see review by Jarrell 
and Beverly 1981), Alternatively it could be a result of 
retranslocation of nitrogen from these needles to autumn shoot growth 
or root production. This aspect is discussed lilter in Section 4.3.2 on 
nitrogen content, where the incorporation of needle weight data allows 
more definite statements on retranslocation. 
Table 4.4 Mean nitrogen concentrations in upper and middle crown 
needles of 1983/84 foliage as affected by fertilizer. 
Date Control Single 3-Split 9-Split (SE) 
------------- I. N oven dry wt -------------
November 15 Upper 
t11ddle 
December 13 Upper-
Middle 
December- 28 Upper 
FebFLlilry 
March 
June 
Middle 
7 Upper 
Middle 
27 Upper 
Middle 
20 Upper 
Middle 
September28 Upper 
Middle 
2.17 2.25 
1.89* 1. 93 
1. 76 1.88* 
1. 63 1. 76 
1.61 1.66 
1.50 1.67 
1.53 1.58 
1.46 1. 56 
1.57 1.50 
1.45 1. 47 
1. 53 1.37 
1.44 1.33 
1.66 1. 47 
1. 48 1.37 
* three replicates only. 
(SE): standard err-or. 
2.46 2.55 ((1.091) 
1.98 2.02 (0.073) 
1.85 1.97 (0.055) 
1.69 1. 79 (0.057 ) 
1. 66 1. 74 <0.(50) 
1. 6~; 1.69 (0.053) 
1.55 1.65 (0.053) 
1.55 1. 61 (0.051 ) 
1.48 1.54 (0.063) 
1.46 1.57 (0.054) 
1.43 1.42 (I). (37) 
1.38 1. 41 (0.050) 
1. 48 1.60 (0.057) 
1.39 1.54 (1),046) 
p 
0.034 
0.358 
0.050 
0.089 
0.241 
0.020 
0.283 
0.093 
0.395 
0.4-92 
0.014 
0.252 
0.051 
0.438 
p probability of differences between Control and fertilized 
trees according to single degree of freedom contrast from 
ANOVA. 
The general trends for middle crown needles (data not presented 
gt-aphically) are similar. The absolLlte values tend to be lower (see 
Section 4.3.3) with the fertilized trees reaching a minimum of 1.33, 
1.37 and 1.41% N in June for the Single, 3-Split and 9-Split treatments 
respecti vel y. Concentrations in the middle crown are not ini tia.ll y 
significantly higher than Controls (Table 4,4), but become so when the 
upper crown differences disappear. The nitrogen concentration in 
middle crown needles on fertilized trees did not become significantly 
lower than Controls (Table 4.4), 
4.3.2 Nitrogen Concentration Gradients 
Foliar nitrogen concentrations often vary with position in the 
crown for a given age of foliage (Mead 1984'. It is widely assumed that 
nitrogen concentration decreases from the top to the base of the crown 
(Madgwick et al. 1983), although van den Driessche (1974) gives 
examples of five :fifferent gradient patterns. Gradients I-.Jithin the 
crown may be better than single critical values for investigating 
nutrient status, although Mead (1984) cautions against confounding the 
interpretation with variable light conditions. 
A decrease in nitrogen concentration down the crown has recently 
been reported for two stands of radiata pine: at the age of 7 (Madgwick 
et aL 1983) and at the age of 10 (Cromer et al. 1985). However, Fife 
and Nambiar (1982) found no significant differences between primary and 
secondary branch needles in -old radiata pine. Their sampling 
positions correspond roughly with the upper and middle crown positions 
designated in this study. 
In this study the effect of nitrogen supply and seasonal patterns 
on the gradients wi thin the crown were investigated. The statistical 
anal yses were performed on the di fference in ni trogen concentration 
between upper and middle crown needles on an individual tree basis. 
Thi s removes the p~-oblem of varlabi I i ty between tt-ees when absolute 
values are used. 
On an individual tree basis the nitrogen concentration in 
Controls was always higher in the upper crown (except for one tree on 
June 20). This trend was also appat-ent initially -for the fertilized 
trees, but in later samplings the difference could be either positive 
or negative. Accordingly the results have been presented as either the 
absolute value difference between upper and middle crown (Table 4.5) or 
the difference (upper middle' (Table 4.6) 'which includes some 
negati ve val ues. 
4.3.2.1 Seasonal Trends In very young needles the gradients 
within crowns were quite large, Nhich reflected the actual nitrogen 
conc.:entrati ons (Fi gure 4.1, Tabl e 4.4). Tl:re di fferences decreased but 
later in the season stabilised at about 0.1% N in the Controls. For all 
treatments, the gt-adient increased in the following spring (Table 
4.6) • 
It appears that early in the growing season there was a 
preferential allocation of nitrogen to the apical region. This may 
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relate to the hormonal control from this area (van den Driessche 1974). 
This trend relates well with the growth of needles (Chapter 3, Figure 
3.11). As the season progressed a reI ati ve shift to growth in the 
middle crown needles occurred and the smaller nitrogen gradients 
reflected this. 
Table 4.5 Absolute value difference in %N between upper and middle 
crown needles. 
Date Control Single 3-Split 9--Sp 1 it p 
November 15 0.28 0 •. 3.3 0.48 0.53 0.105 
December 1 ~, . ..:- 0.13 0.12 0.15 0.18 0.660 
Decembel~ 28 (;. 11 0,1)5 0,06 0.04 0.004 
Februal~y 7 O. ;)7 0.05 0.03 0.07 0.470 
t"larch 27 0.12 0.03 0.06 0.04 0.070 
June 20 0.10 0.09 0.11 0.10 0.964 
September 28 O. J.8 0.09 0.08 0.06 0.016 
p probability of differences between control and fertilized 
trees according to single degree of freedom contrast in 
ANDVA. 
Table 4.6 Difference in %N (upper - middle) crown needles. 
Date Single :3--Sp 1 it 9-Spli t p 
November 15 0.28 0.3.3 0.48 0.53 0.105 
Decembel~ 13 0.13 0.12 O. 15 0.18 0.660 
Decembel~ 28 O. 11 -0.01 0.02 0.04 0.011 
Febr-uat-y 7 0,07 0,03 0.01 0.05 0.255 
March 27 0.12 0,03 0.02 --0.03 0.025 
June 20 0.09 0.03 0.05 0.01 0.425 
September 28 0.18 0.09 0.08 0.06 0.016 
p : probability of differences between control and fertilized 
trees according to single degree of freedom contrast in 
ANDVA. 
4.3,2.2 Treatment Diffet-ences Gradients ~'iere maintained in 
Control trees but ~'iere vi t-tuall y absent from 'ferti 1 i zed tr-ees (T abl e 
4,6). This was in part due to positive and negative differences, 
cancelling each other out. However', the absolute value differences 
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(Table 4.5) also show that gradients were generally smaller on 
fertilized trees by late December. 
Cromer et al. (1985) argued that in a severely phosphorus 
de'ficient stand (foliar P :;;: 0.07%) there could be no gradients within 
the crown, presumably because this is the minimum concentration 
r'equired to maintain basic metabcli ic -fLmctions. ltJhen this deficiency 
was partially alleviated by fertilizer (P = 0.12%), gradients appeared 
\'Jit.hin the crown, v,ith preferential allocation to the apical t-egions. 
If ni tt-ogen all ocati on patterns are si mi 1 ar to those of phosphat-us, 
then gradients should decrease with lower nitrogen concentrations. High 
initial concentrations (Figure 4.1) equate with large gradients (Table 
4.5). Lower concentrations on fertilized trees later in the season seem 
to correspond with smaller or non existent gradients. This correlation 
~>Ias tested for all trees (Table 4.7). The hypothesis was generally 
valid, especially ~arly in the growing season when gradients were more 
pronounced. 
Table 4.7 Correlations between the %N difference (Upper - Middle) and 
XN in upper crown. 
Date n P 
November 15 21 0.812 0.000 
December 1 "T .':;1 21 0.437 0.024 
Decembet- 28 22 0.156 0.243 
Februcu-y 7 22 0.279 0.104 
l'1ar-ch 27 22 0.507 0.008 
.June 20 22 o. :509 0,081 
Septembet- 28 16 0,594 0.007 
---------------------------------------------
n number of trees. 
r correlation co-efficient. 
P significance of correlation 
The effect of fertilizer has been to disrupt the gradient pattern 
I<li thin the crown in i"hich the upper crown predominates. Gradients are 
smaller on fertilized trees which accords ,,,ith theit- lm,er nitrogen 
conc8ntr"aticm. If it is argLted that stress leads to smaller gradients, 
then an induced nitrogen deficiency is apparent on fertilized tt~ees. 
This might be assumed from the absolute nitrogen levels (1.4% N). This 
may ,seem some."hat i ncongr'uoLls, 9i ven that the trees have just been 
fertilized. However, if the decline in nitrogen concentration with age 
(Lambert 1985) is applicable at Bottle Lake, then the effect of 
fertilizer could be to accelerate the trees along a natural decline in 
concentration. The erratic gradients on fertilized trees suggest that a 
I imi ted ni supply is being distributed within the crown to where 
maximum carbon gain is possible (c.f. Field 1983). 
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Madgwick et al. (1983) found a difference of O.06i. N between 
needles in the "tap quartet-II and "upper middle" crowns of 7-year-old 
radiata pine. This is slightly lower than the gradient at Battle Lake 
l'lhich agrees with the slightly lower concentrations in their study. 
However, no differences between nutritional treatments (including urea 
applicationl were apparent. The foliage sampling was confounded by time 
and a recent application of fertilizer. Given the importance of 
seasonal trends and response to fertilizer found in this study, the nan 
significant results of Madgwick et al. (1983) are hardly surprising. 
In discussing gradients, and by implication variable demands for 
nitrogen within the tree, it should be noted that total nitrogen status 
is a rat.her crude parameter to use. It is likely that some measure of 
the mobile ni trogen pool, eHclusi ve of strLlcturall y bound nitrogen 
(c.f. Fagerstrllm and Lohm 1977, Millet- et al. 19791, would be more 
useful in this analysis. 
4.3.3 Needle Nitrogen Content 
Fife and Nambiar (1982, 19841 stress the importance of eHpressing 
foliar nitrogen on a per needle basis to investigate translocation 
wi thin the crown. Accordi ngl y ni trogen content has been e:·:pressed as 
~g N per needle, the product of needle weight (Chapter 31, and nitrogen 
concentration (Section 4.3.11. The results are shown for the main 
treatments in Figure 4.2. Increases represent net accumulation of 
nitrogen, and declines represent net retranslocation. 
4.3.3.1 Fol i age The nitrogen content in the mature 
1982/83 needles (Figure 4.2) largely reflected the nitrogen 
concentration patterns (Figure 4.1>. The decline in November indicated 
movement of ni t.'-ogen from these needl es to other parts of the tree, 
presumably the newly eHpanding foliage. The only ather eHplanation for 
th is decrease l'lOU I d be f 01 i ar 1 each i ng. However, 1 each i ng of n i tr"ogen 
is reported to be very low (Tukey 1970), canopy nitrogen being tightly 
conserved (Parker 1983), and net absorbtion from aerosol inputs 
possible <Baker- et al. 19851. Fur-ther-more only 5.5 mm of r-ain fell in 
the first half of November (Figure 2.1>. 
4.3.3.2 1983/81 ===.:..c;:;..:.. Patterns As the new foliage 
expands (Figure 3.9) there was a of nitrogen (Figure 
4.21. This slowed down once needle elongation was complete, but 
continued throughout the remainder of the season and into the neHt one 
for the upper crown needles. The pattern for the middle crown needles 
is similar except net accumulation ceased later in the season for three 
of the treatments. These trends contrast with those reported for young 
radiata pine in South Australia (Fife and Nambiar 1982,19841, whi.ch 
show phases of accummulation and withdral'll of nitrogen fr"om needles 
< l-year-old. It has already been noted (Chapter 3) that needle weight 
is much less, and total above ground biomass greater in South 
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Australia. The demands of growth are apparently greater there, leading 
to lower nitrogen concentrations <1.11.) and no gradients within the 
crown. 
4.3.3.3 Foliage - DiHerences Fertilized 
trees initially had significantly higher contents in the upper crown 
needles, which l"las apparent until Febt-uary (Table 4.8). Differences 
then decreased as the Controls accumulated nitrogen more rapidly 
(Figure 4.2). The 3-Split trees had lower and the 9-Split trees higher 
ni trogen contents in accordance wi th thei r dl fferent needl e weights 
(Chapter 3). 
Table 4.8 Mean nitrogen content in upper and middle crown needles of 
1983/84 foliage as affected by fertilizer. 
Date Cc.mtrol Single 3--Spll t 
--------------- ug N/needle 
November 15 Upper 
Middle 
December 13 Upper 
Middle 
December 28 Upper 
Middle 
February 7 Upper 
Middle 
March 27 Upper 
June 
Middle 
20 Upper 
Middle 
September 28 Upper 
Middle 
151 
88a 
183 
122 
219 
137 
346 
233 
520 
345 
597 
473 
709 
467 
179 
86 
214a 
141 
277 
175 
446 
321 
551 
410 
615 
481 
697 
507 
a three replicates only. 
(BE): standard error. 
215 
89 
231 
148 
269 
180 
411 
315 
477 
434 
569 
433 
624 
466 
9-Split 
208 
107 
269 
161 
298 
198 
487 
643 
486 
665 
538 
798 
626 
(SE) p 
(17.4) 0.028 
(10.9) 0.677 
(26.5) 0.100 
(15.9) 0.147 
(25.1) 0.051 
(16.2) 0.027 
(21. 5) 0.002 
(22.3) 0.003 
(23.7) 0.204 
(37.0) 0.039 
(35.0) 0.641 
(43.6) 0.831 
(56.7) 0.973 
(55.C)) 0.322 
p ': probability of differences between Control and fertilized 
trees according to single degree of freedom contrast from 
ANOVA. 
Significantly higher contents in the middle crown fertilized 
needles were not apparent until December 28 (Table 4.8). Differences 
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were mai ntai ned longer than I n the upper crown but the same pattern 
eventuated. The higher values for the 9-Split trees may again be 
pt'"imarily el<plained by the heavier needles in this treatment (Chapter 
3) • 
There was no net retranslocation of nitrogen from the 1983/84 
needles during their first year after initiation. However, the 
relatively greater accumulation of nitrogen in Controls suggested that 
nitrogen was being directed to other tissues on fertilized trees. The 
presence of autumn shoots was more apparent on fertilized trees which 
would tlave been a sink for nitrogen (c.f. Fife and Nambiar 1984). 
However, the main difference between Control and fertilized trees was 
the increase in below ground biomass. This has probably utilised lar~e 
amounts of nitrogen which would otherwise have accumulated in the 
needles. The slowing of foliar nitrogen accumUlation on fertilized 
trees later in th~~ season ml ght suggest that thi s was when a major 
alternative sink was forming, e.g. the fine root response. 
4.3.4 !J.:!;.her Nutri ents 
The results for the IUFRO standards are given in Appendix 8. With 
the exception of potassium (which was overestimated by lOX), the 
agreement with the international means was good and enables comparisons 
to be made with some confidence. The concentrations of all elements 
from the XRF analysis were similar across treatments at the beginning 
of the experiment (Table 4.9). The exception was the 3-Split treatment 
with higher values for some elements, notably potassium and magnesium. 
Table 4.9 Elemental concentrations in 1.7-year-old radiata pine at the 
beginning of the experiment (May, 1983). 
Treatment Element 
p Ca Mg 51 Cl s Al 
f. oven dry weight 
Control 0.16 0.85 0.29 0.13 0.04 0.18 0.11 0.05 
Single 0.16 0.85 0.27 0.13 0.03 0.17 0.11 0.03 
3-Split 0.16 0.95 0.28 0.15 0.05 0.22 0.12 0.05 
9--Spl i t 0.15 0.85 0.28 0.13 0.03 0.19 0.12 0.05 
-----------------------------------------------------------------------
The usual foliar sampling period for diagnostic purposes in New 
Zealand is late February to March (Will 1985). The foliar nutt'"ient 
concentrations at Bottle Lake in March indicate satisfactory levels for 
the growth of radiata pine <Table 4.10). Data for the Control and 
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Single treatments are presented because they had the highest and lowest 
concentrations respectively. 
Table 4.10 Nutrient concentrations in 2.5-year-old radiata pine on 
Mat-ch 27, 1984. * 
Tt-eatment P f::: Ca Mg S 
% oven dry weight 
Control 0.19 1.06 0.23 0.110.12 
Single 0.1.5 0.89 0.22 0.110.10 
* : upper crown needles, approximately 6 months old. 
There is an indication of lower concentrations on fertilized trees as 
with nitrogen (Figure 4.1). This could be a dilution effect due to the 
increase in foliage biomass (Chapter 3). Alternatively the fertilizer 
application may affect the availability of other nutrients in the soil 
(Chapter 7). 
The following sections describe the seasonal changes in the 
foliar concentrations of phosphorus, potassium and magnesium. Needle 
nutrient contents are referred to but not presented. The foliar sulphur 
status and its interaction with nitrogen is discussed in Section 
4.3.4.4. 
4.3.4.1 F'hosphorus There was an increase in foU ar 
concentration on Controls in the spring (Figure 4.3). The Single 
treatment, however, continued to show a steady value which might have 
been a fertilizer effect. Both treatments show net retranslocation of 
phosphorus 'from 1982/83 needles in November. This coincides with the 
flush o·f new needles which initially had high concentrations (up to 
0.30% P). These declined to a stable value by March <Table 4.10). The 
pattern for middle crown needles was similar but at a lower level. The 
seasonal patterns are similar to four other sites in New Zealand (Mead 
and Will 1976) and two in South Australia (Fife and Nambiar 1982). 
Unlike these studies, however, there was no apparent increase in autumn 
at Bottle Lake. The gradient between upper and middle crown needles was 
larger on Control trees in accordance with their higher concentrations 
(c.f. Section 4.3.2, Cromer et al. 1985). The N:P ratio in 1982/83 
needles was constant at about 10 on Control trees. A rise was apparent 
on the Single treatment following fertilization. The N:P ratio 
increased steadily through the season in new needles, on Control trees, 
rising from 6.4 to 9.0 (Figure 4.3). The ratio in fertilized trees 
apparently fluctuated at a higher level. Fife and Nambiar (1984) showed 
similar fluctuations in the N:P ratios, which were "attributed to 
dif·ferent amounts of retransl ocatabl e ni trogen and phosphorus. In thi s 
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study no net retranslocation of either element from these needles was 
apparent. 
The optimum N:P ratio for the growth of radiata pine is reported 
to be 10 (Raupach et al. 1969). HOI'iever, this will vary l'iith site 
pfoductivity and location (Lambert 1985). 
4.3.4.2 Potassium Potassium concentrations in the new foliage 
declined tht-oughout the year (Figure 4.4). Middle crown needles had 
lower concentrations. Potassium is more prone to foliar leaching than 
most nutrients which may explain some of the patterns (see Figure 2.1), 
The decrease from August to October in older foliage represents net 
loss of um from needles. This is unlikely to result from 
retranslocation to new tissues given the subsequent rise at a time when 
new needles are known to be forming. The decline from June to 
September 1984 also represents net loss of needle potassium. The st~ady 
decline in um contrasts with the r-esults of Mead and Will (1976) 
and Fife and Nambiar' (1982) ~'iho show a Y-apid decline 'followed by 
increases in late summer and autumn. 
4.3.4.3 t1e.9..nesium Then'~ \'Jas a decl:lne in magnesium 
concentration in the 1982/83 foliage (Figure 4.5). This represented net 
reb-ansloc<''l,tion o·f ma.gnesium from these needles as the new foliage 
e:<panded. Limited yellowing of 1982/83 needle tips was noted on some 
trees during October and November which was considered to be withdrawl 
of magnesium. The decline in magnesium appeared more pronounced on the 
fet-ti.lized trees ·"-md may be due to a competitive eHect between the 
uptake of NH4 • and Mg·· (Mengel and Kirkby 1982, p.462'. 
The concentration of magnesium initially increased in young 
expanding needles. This contrasts with nitrogen, phosphorus and 
potassium, which declined, but is the same as calcium (data not 
presented). Accumulation was greatest in the middle crown needles. The 
differences between treatments were negligible (Figure 4.51, The lower 
values in September represent net loss from the needles which may be 
attributed to retranslocation to new tissues as in the previous spring. 
Yellowing of needle tips was again apparent on some trees at this time. 
Of the four elements (N, P, K, Mg), magnesium was the only one 
to be retranslocated from the 1983/84 needles. This occurred in 
response to the demands for new foliage growth and resulted in marginal 
levels for magnesium. However, Will (pers. comm.) considered the 
observed needle chlorosis to be of minor significance. Photosynthesis 
might have been affected but the withdrawl of magnesium was from 
foliage which would be rapidly shaded by the new growth. It should also 
be noted that the 1982/83 foliage did not suffer a net drop in 
magnesium concentration from November, 1983 to October, 1984 <Table 
4.11> . 
0/0 K 1.4 
1.2 
1.0 
0.8 
0.6 
0.4 M 
1982/83 foliage l~83/84 foliage 
upper crown - Single • 
-:~./.-. 
i e-e e/ 
- Control • 
- Single 0 
- Control 0 
• ~~~ middle crown 
"""" .--.----
o ~ • 
,....... -----
.............. e--e • _________ 
....... 0-.. ~ 
-"0 e~ • , --
..... -.. 
'0- ~--
-- --- ----0__ --
-- -- -- --" 
-Fertiliz=r ---0 
J J A S o N D J F M A M J J A S 
100 200 300 400 500 
Days 
Figure 4.4 Foliar potassium concentration 
Q'I 
I.C 
0/0 Mg 0.150 
0.140 
0.130 
0.120 
0.110 
0.100 
0.090 
1982/83 foliage 1983/84 foliage 
0- - - - - - .... 8~ 
/ ....... """'~ ....... 
/ ....... ....... 
_ 0_"""''' ....... ______ 
I :Y--....... " ....... 
O -.......... " ....... _ I. 0 " ....... _ 
\ 1 middle crown Single 0 " 0 
Fertilizer _ /1 - ControlO '" 
~ \ /1 "" 
- 0 I _ 0 
- II V "".------:::_' 
-,--- "" 
<:.-- t.o -~ ==-------
..... ::7'1/ -0.:;/ , 
- - ~ 
\ 
- /! / d' 
-
upper crown - Single • 
- control -
-
0.080 I M J J A SON D J F I M A !vI J J A I S 
I I 
100 200 300 400 500 
Figure 4.5 Foliar magnesium concentration 
-..J 
o 
71 
Table 4.11 Foliar magnesium concentrations. 
Treatment Nov. 1983 Oct.1984 
------- % Mg -------
Control O.llB 0.117 
Single 0.097 0,117 
4.3.4.4 Sulphur 1. Ni trogen Interactions Sui phur is an essenti a1 
element -for plant growth. The three sulphur containing amino acids, 
cystine, cysteine and methionine are essential for protein synthesis 
and make up 90% o-f the plant's organic sulphur (Turner 1979). The ratio 
of organic sulphur to organic nitrogen has been shown to be constant in 
radiata pine foliage (Kelly and Lambert 1972), This ratio is equivalent 
to the atomic ratio in -foliar protein, which on a gram atom basis is 
0.030, i, e. 
Organic S 
----------- x 0.437 = 0.030 
Organic N 
If there is el{CeSS sUlphur to balance the available ni trogen then 
sulphate (80 4 --) accumLIlates in the foliage (Humphreys t?t al. 1975). 
When nitrogen uptake commences, e.g. from fertilizer, then this pool of 
sulphate 1 s used to form amino acids. The sulphate status of foliage 
has been proposed as a diagnostic tool in determing the effectiveness 
of applied nitrogen by Turner et al. (1977), who give critical levels 
for SUlphate (Table 4.12), 
Table 4.12 Critical foliar sulphate levels in winter. 
Foli ar sulphate 
(ppm) 
I) •• BO 
80 - 200 
200 - 400 
400+ 
Sulphur status 
Deficiency to incipient deficiency 
Marginal to adequate 
Adequate to high 
High (possible nitrogen deficiency) 
source: Turner t?t al. 1977. 
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Trees with a high foliar sulphate level would be e:<pected to respond 
well to nitrogen fertilizer while those with little sulphate may show a 
nil or low response. 
In this study the foliar sulphur status was initially 
investigated on the final biomass samples (Table 4.13), 
Table 4.13 Sulphur and nitrogen status of 1983/84 foliage at the end 
of the experiment (Oct. 1984). 
Treatment Total N Total 8 8 : N 804 --
-----..... - 'Y. ------- (ppm) 
-------------------------------------------------
Control 1.604 0.141 0.039 310 
Single 1.488 0.107 0.031 50 
3-8pl it 1.454 0.121 0.036 212 
9--Spl it 1.623 0.129 0.035 176 
The sulphate levels were calculated from equations (1) and (2). 
This assumed that total nitrogen in the foliage is all in the organiC 
form and that the ratio of organic sulphur to organic ni trogen is 
indeed 0.030. 
Total N x 0.030 
Organic S :: (1) 
0.437 
so Inorganic S (804 --) = Total S - Organic 8 (2) 
Analyses of vat-iance showed that there were no significant 
differences between treatments 'for total ni trogen. The total sulphur 
and S:N ratios were significantly (p < 0.05) lower on the 8ingle 
treatment than on the Control and Split treatments. The initial sulphur 
st.atus was the same across treatments <Table 4.9). It appears that 
there could be marginal sulphate levels on the Single treatment which 
may have been induced by the urea application. 
The S:N interaction was investigated further using the seasonal 
foliage samples. The resul ts are gi ven in AppendiH 9 and presented 
graphically for the Control and Single treatments (Figure 4.6). 
The sulphur concentration rose in the 1982/83 foliage until 
November (Figure 4. 6a), when a ded ine was apparent as wi th ni trogen 
(Figure 4.1). The pattern in the 1983/84 foliage was also similar to 
nitrogen. The sulphur content (M9 S/needle) (Figure 4.6b) also showed a 
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similar pattern to nitrogen (Figure 4.2). The decline in 1982/83 
foliage in November was net retranslocation, presumably to the newly 
expanding foliage. There was an indication of a lower sulphur 
accumulation in the needles after fertilizer was applied in AugLlst, 
1983. 
The S:N ratio is shown in Figure 4.6c with the organic 8:N ratio 
of I<ell y and Lambert (1972) as a reference. This ratio has not been 
confirmed in New Zealand r'adiata pine plantations, and it ShOLlld be 
stressed that no organic sulphur determinations have been made in this 
study. Bearing this in mind, it is suggested that values > 0.030 
represent sulphate accumulation, i.e. sulphur is present in excess of 
the nitrogen available for amino acid synthesis. If the ratio is 
< 0.030, then sulphur is limiting and nitrogen is in "excess". Nitrogen 
has not been found in the inorganic form in radiata pine foliage. It is 
probable that the ~ree stores excess nitrogen as amino acids which do 
not contain sulphur, i.e. arginine, asparagine or aspartic acid (Turner 
et al. 1977). 
In the 1982/83 foliage the ratio increased during the winter as 
sulphate accumulated (Figure 4.6c). This trend continued in the spring 
for Contrwl trees. In contrast the Single treatment showed a decline 
after fertilizer was applied in August. Nitrogen was taken LIp and 
sulphate levels declined as amino acids were synthesized. 
In the 1983/84 foliage the ratio increased throughout the year. 
There is an indication of inadequate sulphur levels on the Single 
treatment. 
The actual sulphate levels were calculated according to equations 
(1) and (2) (see Appendix 9). Values for June of each year are given 
<Table 4.14) which may be compared with published critical levels in 
winter (Table 4.12), A possible SUlphur deficiency was apparent on the 
Single treatment trees. The other treatments had adequate levels of 
sulphur. 
Table 4.14 Estimated foliar sulphate levels in winter at Bottle Lake. 
June 27, 1983 June 20, 1984 
Treatment upper middle 
----------- ppm S04-- ------------
Control 154 320 189 
Single 76 120 66 
3-Split 237 215 
9-Spli t 338 
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In conclusion, sulphate levels decreased after urea was applied, 
in agreement wi th Humphrey et ala (1975). The apparent zero sulphate 
levels on the Single treatment in the spring and summer of 1984 might 
have been expected to have some effect on the uptake and utilisation of 
nl trogen. However, there appears to have been no eHect on ni trogen 
uptake (Figure 4.2), Also there was no detectable difference in the 
response to the Single application of nitrogen (Chapter 3). 
Recently, Lambert (1986) has shown growth to be depressed 
following an application of 400 kg N/ha to 4-year-old ra.diata pine. 
This was 
sulphur 
sulphate 
attributed to induced sulphur deficiency. However, addition of 
in an adjacent plot yielded no growth' response, although 
levels were increased. The S:N interaction reqUires further 
study, particularly, the question of whether a response to sulphur can 
be achieved in stapds with either a natural or an induced deficiency of 
the element. 
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CHAPTER 5 
MOVEMENT OF FERTILIZER N IN THE ECOSYSTEM 
The movement of the applied fertilizer N into and within the tree 
was monitored by foliage sampling (c.f. Chapters 3 and 4). Some 
supplementary data were also collected to assess ammonia volatilization 
and leaching patterns. A few periodic soil samples were analysed for 
pH, nitrogen and fine roots. 
5. 1 I NTRODUCT ION 
FoIl owi ng an applicati on of urea to a soil and its subsequent 
hydrolysis (ureolysis) there are a number of pathways for the 
fertilizer N to enter the nitrogen cycle (c.f. Jansson 1971). Briefly 
thest'!! are: 
gaseous loss to the atmosphere, 
leaching to various depths, 
uptake by trees or other vegetation, 
immobilization by the soil microflora or on organic matter. 
Added nitrogen is assimilated into the soil nitrogen pool where it will 
undet-go the various mineralization, immobilization, nitrification and 
denitrification processes (Wollum and Davey 1975), However, this brief 
review focusses on the initial fate of applied urea. 
5.1.1. Hydrolysis 
Once urea comes into contact with the soil it is rapidly 
converted to unstable ammonium carbonate by the enzyme urease. 
Urease is sufficiently abundant in most soils to effect the 
hydrolysis of urea (I~ollum and Davey 1975), The limiting factor in 
Equation 1 is usually the availability of moisture. I~hen surface 
forest soils are susceptible to rapid drying, ureolysis may be retarded 
(Foster et .al.1980). In a New Zealand study using pumice soil 'from 
Kaingaroa Forest, rapid ureolysis was indicated by the minimal leaching 
of undissociated urea (Ballard 1979), 
The ammonium carbonate in Equation 1 is further hydrolysed to 
ammonium and carbon dioxide. 
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The importance o·f this reaction is the production of hydroHyl ions, 
resulting in an alka.line environment in the vicinity of hydrolyzing 
urea. A rise of several pH units may be observed (Black et aI. 1985). 
The possibility of volatilization (loss of ammonia gas) becomes 
important as the the ammonium ion and molecular ammonia eHist in a pH 
dependant equilibrium. Most forest soils have a pH (6.0, when only O.IX 
of ammonia occurs in the molecular form. At pH 9 this has increased to 
50%. 
Vol. ati I i zation 
Numerous studies have estimated the loss of fertilizer nitrogen 
by volatilization a~d factors controlling it (see Terman 1979, Otchere-
Boateng 1979). Los<;es o·f <5X (QvetTein 1968) to >301. (Carrier and 
Berni er 1971) have be~m reported for forest ecosystems. Factot~s such 
as high application rate, warm temperatures, high wind velocity and low 
soil moisture content will tend to promote volatilization. Soils with 
relatively high pH and low C.E.C. will also be susceptible to ammonia 
loss. This loss usually OCcUt~S within a few days of application 
a.SSLlming ureolysis is rapid. Although some of the losses reported in 
the literature are disturbing, they should only be treated as "apparent 
losses." Plants have the ability to both release and absorb ammonia 
from the atmosphere (Mengel and Kirkby 1982, p.3(3). Pang (1984) has 
demonstt-ated the ability o·f douglas fir" foliage to absorb gaseous 
ammonia. Clearly volatilization from the soil surface does not 
necessarily mean a loss of fertilizer N from the ecosystem. 
Progress in assessi ng the importance of vol at iii zati on has been 
hindered by the methodology available for quantifying evolved ammonia. 
t1arshall and DeBell (1980) reported that the 1 arge range of losses was 
probably due in pat-t to the variety of methods employed. They tested 
four main methods: 
(1) 
(iil 
(U i) 
(i v) 
closed static systems, 
semi-open systems, 
closed dynamic systems, 
N-1.5 balance. 
The first three adopt a collection system for ammonia gas, usually an 
acid sorber. The first type relies on diffusion o·f ammonia from the 
soil to the sorber (e. g. Boomsma and Pri tchett 1979). The second 
a.llows contact with the atmosphere (NOmmik 1973b, Carriet- and Bernier 
1971). The third simUlates natural conditions by dra\'1ing air across 
the soil sur'face for collection (l~atkins et aI. 1972, Black et aI. 
1985). The N-15 balance method (Nommik 1973a) relies on accounting for 
all othet- losses and sinks for nitrogen. The unaccounted for portion 
can only strictly be called loss of nitrogen gases, the species not 
7El 
being i den ti fi ed • A further method of is the 
mict-ometeonJlogical technique Wenmead et a,l. 1977). A mast wi th 
ammonia traps attached at various hei ghts is set up downwi nd o·f a 
fer-tilizer field. Flu;·:es of ammonia across an assumed vertical plane 
are calculated from wind speed and ammonia concentration. The 
possibility of transferring this technology from cultural to forest 
systems is however ionable. 
Of the three sorber methods tested by Marshall and DeBell (1980), 
the closed static system gave the lowest estimate of ammonia loss, the 
closed dynamic system the highest. They concluded that the latter 
gave the most representative estimate of ammonia loss as this agreed 
l'li th the N-15 ba.l ,1nca method cot-rected fOI~ loss of other ni tt-ogen 
gases. 
Volatilization has not been measured in New Zealand forests but 
it is believed thm' conditions do not favour such losses (l~ill et a1. 
1980) • 
5.1.3. Leachir}Q 
The amount of nutrients leached from the rooting 20ne depends on 
the amount of water ng through the root 20ne, the mobility of the 
nutrient in the soil and the amount of uptake by roots and soil 
organisms (Sands 1984), 
Undissociated urea is extremely mobile and subject to leaching; 
hOl'>!ever, hydt-olysis of urea applied to forest soils is usually very 
rapid (Cole et al. 1975). The ammonium ion pt-oduced is usually not 
susceptible to leaching as it is absorbed by clay and organic fractions 
in the soil. HOI'>!8Vet-, after urea application to sandy soils 101'-1 in 
exchange sites appreciable quantities of the ion may be leached. 
If nitrification occurs the a.dded fet-tiliser may ultimately be 
leached as the anion NO;:s-' This may be critical fot- other nutrient 
cations in the soil, K+ Ca++ Na+ for example, as leaching is a coupling 
process with a cation and anion being transported together (Khanna and 
Uldch 1984). High concentr.:ltions of HCO;:s- may also facilitclte cation 
leaching. This anion is a product o·f the hydrolysis o·f urea (Cole 
et al. 19"75>. 
In a laboratory study using cares of Kaingaroa pumice soil, 
Ballat-d (1'179) found very little urea in leachates at 10 cm depth. 
Initially leaching was s101,>! until nitrification occutTed when large 
amounts of nitrate were leached. In conjunction with this the cations 
Ca++, t1g++ and f(+ were also leached. Cole et al. (1975) using tension 
plate lysimeters in the field found the only leaching of urea was in 
the non-ionic form. However, most applied nitrogen remained within the 
top 15 cm of soil. 
Measurements of leaching are rarely undertaken in field nitrogen 
balance stUdies following fertilization. This is no doubt due in large 
pal,ot to the methodological diHiculties in collecting representative 
leachate samples, pal-ticular-ly H a quantitative estimate is required 
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(see Bartan (1981) for a review), In some nitrogen balance studies the 
u.naccounted for fertilizer has been attributed to leaching, Heilman 
et a1. (1982b) Wet-e unable to account for 32±6% of 224 kg I\I/ha in a 
5-7-year-old dOllglas fir stand. Some of this was considered to have 
been leached. In a 120-year-old scots pine stand l\Iommik and M81ler 
(1981) accounted for 78% of 150 kg I\I/ha applied as urea. When ammonium 
nitrate was the nitrogen source much greater leaching losses were 
reported. In a study with ammonium sulphate Mead and Pritchett (1975bl 
were only able to account for 50% of the applied nitrogen. Leaching 
and gaseous losses were reasons invoked for this low recovery. 
A large field lysimeter (Will 1977) was used to study the fate of 
200 kg N/ha applied as a urea solution to a 13-year-old radiata pine 
stand (Worsnop and Will 1980), No fertilizer nitrogen could be 
detected at 2.7 m depth, but only 44% could be recovered within the top 
30 cm of soil aftEr 147 weeks. Although tree uptake was considered 
to be a major sink it would be surprising if this accounted for 56% of 
the applied nitrogen. 
5.1.4. 
After ureolysis a high concentration of ammonium ion will 
temporarily be in soilltion. Plant uptake will be determined by the 
ability of ions to move to the roots and the ability of roots to absorb 
nutrients arriving at their surface (Bowen 1984). Ammonium moves by 
diffusion, the rate declining as soil dries. It is considered a poorly 
mobile ion, so uptake may largely depend on rooting density. This is 
reported to be low for young radiata pine an sand from planting to four 
years of age (Nambia!"" 1983). Root activity should be an important 
factat- in the efHcient use of 'fertiliers as uptake is an active 
process for most ions. Root initiation and elongation in radiata pine 
are greatly retarded below a critical root temperature between 11 and 
14°C (Nambiar et al. 1979). 
Ideal conditions for the application of nitrogen fertilizers are 
periods of high root activity, moderate temperatures, moist litter and 
soil cond i ti ons and a high pt-obab il it Y of moderate r ai nf all wi th ina 
few days of application (~lal1ard 1984). Because urea is prone to loss 
by volatilization (section 5.1.2.1, applications are often based on 
climatic conditions t-ather than root activity. Heilman et a1. <19791 
recommend applying urea to douglas fir in late autumn or winter, 
primarily to ensure rapid incorporation into the upper soil layers and 
to prevent volatilization. 
Because of the variabil i ty in foliar nitrogen concentratrions 
between trees (Mead 1984) and the often small and transitory increases 
in ,foliar nitrogen following fertilization (e.g. Nambiat- and Bowen 
1986), the use of N-15 to monitot- 'fertilher Llptake is particularly 
useful. Most studies utilising this isotope o'f nitrogen have sampled 
one ot- more ages of foliage at varioLls positions within the crown to 
follow nitrogen uptake. Results have either baen expressed as 
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atom I. N-15 eHcess (NOmmik 1966, Bjorkman et al. 1967>, proportion of 
nitrogen deri ved ft-om the ferti 1 i zer, Ndff (t1ead and Pr-itchett 19750., 
l~m-snop and vlill 1980, Melin et aJ. 1983), or the product of Ndff and 
total nitrogen concentration (Heilman et ala 1982a). 
Fertilizer is quickly detected in 
(Heilman et ala 1982a), within 2 weeks 
after 1 week (Mead and Pri tchett 1975a). 
the foliage: t",ithin 3 weeks 
(I~m-snop and Wi 11 1980) and 
Uptake, as indicated by the 
above parametelrs, is usually t-apid for the first few months before a 
plateau is reached (c.f. Figure 3, Mead and Pritchett 1975£1, Figure 1, 
11elin et al. 1983). The pr'oportion o·f nitt-ogen derived from the 
fertilizer will usually decrease with time as fertilizer uptake ceases 
and dilution by native soil nitr-ogen occurs. This is pat-ticularly 
pt-onounced in young trees with rapidl y eHpandi ng crowns (Nambiar and 
Bowen 1986). 
5.1.5 Immobilizatio~ of nitrogen 
Immobilization and the opposite process, minet-alization occur 
simultaneously in fm-est soils, although the nitt-ogen equilibrium is 
genet-ally in the direction of immobilization (Wollum and Davey 1975). 
Fallowing urea application a large 
retained I'lithin the litter layer 
1972, lllot-snop and l~ill 1980, 
proportion of fertilizer nitrogen is 
and LIpper soil horizons (Overrein 
NOmmi k and M~ll er 1981) • Thi s 
immobilization of nitrogen may be caused by either abiotic or biotic 
factors (Wollum and Davey 1975). Microbial immobilization is commonly 
c:i ted as the mai n process (NOmmi k and F'opovi c 1971>; hOl>4ever, in some 
studies chemical fixation of ammonia predominates (Foster et ala 
1985a) . 
This tendency for urea N to become immobilized has some benefits 
in tet-ms of retention of 'ferti lizer nitrogen I",i thin the ecosystem. 
However, unless the quantity of nitrogen applied is large in relation 
to the original nitrogen pool, or mineralization is increased, this 
advantage is unlikely to provide appreciable additional nitrogen after 
initial fertilizer uptake ceases (Mead and Gadgil 1978). Miller (1981) 
describes this concept as fertilizers being ly of benefit to the 
tree, not to the si teo Other sources of ni trogen SLICh as ammoni um 
nitrate have a lower rentention within the soil and often give better 
growth t-esponses than urea (Nbmmi k and M~ll er 1981) • Hi gh 
immobilization o'f un:!a nitrogen is one reason for its replacement by 
ammonium nitrate in Scandinavian forest fertilization programmes. 
Elsewhere these two nitrogen sources have given similar'responses (see 
Ballard (1984) for a review). 
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METHODS 
5.2. 1. 
A simple design of "closed static sorber II (Marshall and DeBell 
1980) similar to that of Boomsma and Pritchett (1979) was used. Boric 
acid treated filter papers were placed in 250 ml beakers or petri 
di shes and inverted on the plots. Wi I'"es wer'e used to prevent papers 
fall i ng to the soi 1. The beakel'"s contai ned 70 mm di ametel'" fi lter 
papel'"s treated with 0.8 ml of 3% bOl'"ic acid and wel'"e 80 mm above ground 
level. The petri dishes contained 90 mm diameter papel'"s tl'"eated wi th 
1.0 ml of 3% boric acid and were 10 mm above ground level. 
Four sorbers, two of each type were placed randomly on the plots 
after the summel'" fertilizel'" application. They wel'"e I'"eplaced at 3, 6, 
15, 34, 58 and 113 days aftel'" the summel'" application with fl'"esh sOl'"bers 
located on a diHet-ent spot. Filtel'" papel'"s were returned to the 
laboratory and frozen until analysis 
al so pI aced on plots after the 
applications. They were only analysed 
The filter papers were analysed 
could pl'"oceed. Four sorbers were 
autumn and spd ng fertil her 
for the first sampling at day 3. 
according to the method of Keeney 
and Nelson (1982) for inorganic nitrogen. They were torn up, added to 
a Kjeldahl flask along with magnesium oHide and steam distilled. The 
liberated ammonia was collected in boric acid and titrated with 0.005 N 
H2 S04 to deter'mi ne pg N pel'" f i 1 tet- papel'". Thi s I'"arel y el{ceeded 50 
/-Ig N. Accol'"dingl y can: was taken to ensw-e that appl'"opdate blanks 
wel'"e I'"un and that the still was thoroughly clean. 
Leaching 
Downward movement of fertilizer was monitored by collecting 
leachates from fertilized and contl'"ol plots and comparing them fol'" 
ammonium content. 
Small porous CLIP 1 ysi metel'"s wel'"e constF"Llcted to e:<tract soi I 
watel'" <Talsma et 211. 1979). Thl'"ee lengths of lysimetet-s were made so 
as to collect samples fl'"om 20, 40, and 80 cm depth. A total of 42 
lysimeters l'Jere installed (7 treatments :< 3 depths )< 2 replicates). 
This was easily accomplished by making a hole with a steel rod, almost 
to the correct depth, inserting the lysimetel'", then pushing it in the 
last few centimetl'"BS to achieve a fil'"m contact between the sand and the 
porous cup. 
Watel'" was eHtl'"acted by connecting the lysimeter to an evacuated 
containet-. Thl'"ee methods of collection were tried: a testube in an 
evacuated milk bottle, an evacuated boiling tube, and commel'"cial 
vacut.ai ners. Samp I es were call ected by all methods but the boi ling 
tube was pl'"efen-ed because of the subsequent anal yti cal method. The 
boi ling tubes were evacuated usi ng a small hand pump, and a bi cycl e 
tYl'"e valve retained the 0.3 bar vacuum. 
Samp 1 es coul d on 1 y be coIl ected ~'Jhen the sand was sufi i ci ent 1 y 
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moist. Consequently collection times and lengths were erratic 
depending on rainfall. Samples were returned to the laboratory and if 
not analysed immediately they were stored at 4¢C. Analyses were 
pet-formed wi th an HNU ammonia gas sensing electrode connected to an 
Orion digital mv/pH meter. Samples were analysed relative to a 
calibration curve prepared from standar"d ammonium chloride solutions 
between 10-2 and 10-7 M NH4+' The electrode detects ammonia gas rather 
than the ammonium ion so the equilibrium in Equation 3 had to be 
shifted to the left. 
(3) 
This was achieved by adding 10 N sodium hydro:dde just prior to the 
measurement. The ratio of sample to sodium hyroKide used was 100:1 by 
volume. The electrode fitted neatly into the boiling tubes used for 
coIl eetion. The an Iil I yses were performed in a controlled envi ronment 
because the method utilises the Nernst equation which is temperature 
dependent. It is apparent that the method reI eases gaseous ammoni a so 
no further nitrogen analyses were possible on the samples. 
The volume of leachate collected was often barely adequate -for 
ammonia analysis to proceed. HOI4Jever, on a few samples nitrate was 
analysed as well using an Orion specific nitrate electrode. No analyses 
for possible undissociated urea were made. 
5.2.3. Foliar N-15 Analysis 
Foliage sampling procedures are described in Chapter 3, and 
initial chemical analysis in Chapter 4. After titration for total 
nitrogen the sample was acidulated with 2 ml 0.08 N H2 S04 (Hauck 1982), 
and then evaporated to dryness. Great care I'las taken during the 
preparation of samples (c.f. Hauck 1982, Reeder et al. 1980, Reeder 
1984, Buresh et al, 1982). Ethanol was distilled between samples, and 
glassware was rinsed in dilute hydrofluoric acid. 
After drying the samples were transferred to sampling vials for 
the mass spectrometer. Initially the G.P. Mass Spectrometer at the 
Institute of Nuclear Sciences, Lower Hutt, was used. This was bLlilt 
in the Dominion Physical Laboratory in the early 1950s (Hulston iOI.nd 
Shili:on 1958). 
The dried sample of ammonium sulphate 01 mg N) with attendant 
boric acid contamination was converted to dinitrogen gas using lithium 
hypobromi te (Ross and Martin 1970>. Precautions discussed by Porter 
and 0' Deen ( 1977> and Hauc k ( 1982) were a I so ob ser ved • Bamp I es wer e 
analysed relative to a cylinder of dinitrogen gas. Standards prepared 
from the or igi nal fertil i zer and naturall y enri ched urea were al so 
analysed. UnfortLlnately, increasing problems and a fi.nal bt-eakdown 
forced the abandonment of this machine. 
Samples were subsequently analysed by Professor W.B. Silvester at 
the University of Waikato. The initial sample preparation was changed 
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to provide samples with 200 ug N and a lower boric acid content. 
Standards prepared for the first mass spectrometer were rLtn on the 
Waikato machine to check for comparability. The agreement was 
sati sf actory. 
The resul ts have been presented as the per'centage of nl trogen 
derived from the fertilizer (X Ndff): 
c - b 
X Ndff = >: 100 
a - b 
where a: atom X N-15 in the original fertilizer solution. 
b: atom % N-15 in unfertilized trees (natural abundance). 
c: atom X N-15 in fertilized trees. 
5.2.4. Soil Analysis 
Soil samples were collected from plots beginning just prior to 
the Single treatment application in August. A Hoffer soU tube was 
used to take three cores per plot to a depth of 30 cm. These were split 
into O-tO and 10-30 cm and bulked by plot. Samples toJere collected on 
the following dates: 
18th August J.983 
18th October 1983 
12th December 1983 
7th February 1984 
20th JUQe 1984 
Samples were returned to the laboratory and air dried. 
5.2.4.1 Q!:!. pH was determined in a slurry of 10 g soil in 25 ml 
distilled water (Nicholson 1984). Samples were left covered overnight 
at 20°C prior to analysis with a compact glass electrode. 
5.2.4.2 Nitrogen. Analysis for total nitrogen and N-15 were 
performed for the Single treatment plots only. Trends in N-15 for this 
treatment from the time of application onwards should give an 
indication of fertilizer fate in the soil and be comparable with other 
studies adopting a conventional single application. Roots were removed 
from samples using a 0.5 mm sieve. Samples were then finely ground in a 
Rocklabs ring grinder. 
Total ni trogen was determined after digestion by the salicylic 
acid-thiosulphate modification of the Kjeldahl method (Bremner and 
Mulvaney 1982), 0.5 g samples were placed in digestion tubes and 4 ml 
salicylic/sulphuric acid mt:-: added. These were left overnight before 
adding 0.5 g sodium thiosulphate. After cooling, one sodium 
sulphate/selenium tablet was added. Digestion commenced as described 
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in Chaptelr ij" until "clearing". The afterboil period \~as el<tended to 
four hours. After cooling and diluting, the whole sample was 
trans'fer-red to a Kjeldahl -flask and distilled. Total nitrogen was 
determined as for fOliage (Chapter 41, except 0.005 N standardised acid 
was used ·fot- titration. Prepat-ation 'for N-15 analyses were as for 
foliage (Section 5.2.31, 
Fot- thE! lit and 9-Split treatments,roots 
were extracted from the 10-30 em soil sample and analysed for nitrogen. 
There were insufficient roots in the 0-10 cm sample for analysis, 
The soil sample was spread on a 0.5 mm sieve to remove the bulk 
of sand. Material remaining was spread on a sheet of paper and sorted 
for t-oots ,'),nd mycorrhizal tips. These wet-e picked out using forceps 
and bulked by treatment for each of the five sampling dates. The roots 
in these small cor9S l<lere usually <: 1 mm in dia,metet-. The few woody 
roots> 2 mm were discarded as they would probably have induced a bias 
in the r"esults. 
The roots Were finely ground and 0.2 9 taken for total ni 
:1:Ind N-15 analysis using the methods described for foliage (sections 
4.2.3 and 5.2.3). A subsample was ashed to correct for sand 
contamination, so XN is reported on an ash free basis. 
5.3 RESULTS AND DISCUSSION 
LOSSf~S o'f ammonia I<lere negligible~ the cumulative loss fm- 113 
days after the summer application being a maximum of 1.3% of the 
nitrogen applied. This !<las to be e:{pected considedng the urea wa.s 
applied as a solution. Volk (1970) reported a loss of ammonia totalling 
0.1% of urea solutions applied to soils under slash pine after 7 days. 
This agt-ees with the figures in this study. Even accounting for the 
ble underestimates using a "closed static sorbet-II (Marshall and 
DeBell 1980) the losses would have been no more than a few per cent of 
that ,:;l.pplied. 
The pattern of ammonia 10s5 is shown in Figure 5.1. The peak loss 
within the first few days is in agreement with other studies (Boomsma 
and F't~itchett 1979, Oven"sin 19b8). In vie\"/ o'f the negligible losses 
any differences between treatments should only be viewed as indicatory 
of the processes involved. 
The loss of ammonii,\ '/:n:lfll the seasDnal treatments I'li thin 3 days 
was 0.16, 0.03 and 0.07% for the Autumn, Spring and Summer treatments 
ively. The higher 10s5 in autumn coincided with a lack of 
!".3,infall foIIOl<Jin,] the application (la,ble 2.4, Chaptet- 2). The 
importance of rainfall in reducing volatilization is widely 
acknowledged (Marshall and DeBell 1980, Ballard 1984, Will 19851. 
In August and December 30 9 N were applied to the appropriate 
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Figure 5.1 Average daily volatilizati-on rate plotted against day of sarrpling, following sumner 
fertilizer application on 13 December 1983. 
00 
VI 
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seasonal treatment plots and the 3-Split treatment. t10re ammonia was 
volatilized from the latter suggesting enhanced loss from plots which 
had previously received fertilizer. Compat~ing the cumUlative loss for 
113 days following the last fertilizer application in December confirms 
thi'5 nabl e 5.1). 
Table 5.1 Cumulative loss of ammonia for 113 days fallowing the last 
fertilizer application an December 13, 1983. 
Treatment 9 N a.pplied 
Summer 30 
3-Split 30 
9-Split 10 
Number of 
previous applications 
I) 
2 
8 
Loss - I. 
of applied 
0.3 
0.5 
1.3 
Urea applications alter the chemical and biological status of the 
upper soil layers. Elevated levels of pH, urease activity and ammonium 
could lead to greater lasses from subsequent applications. Black et al. 
(1984) found a greater loss of ammonia from urea applied to sheep urine 
patches than to unaffected pasture. They considered surface soil pH and 
ammonium levels to be critical factors in this increased loss. Marshall 
and DeBell (1980) ci te unpubl i shed data showi ng that the previ OLIS 
history of soil fertilization affects gaseous loss. 
In this study the greater loss from split applications is 
insignificant in terms of the overall nitrogen balance sheet. However, 
if pdlled urea, rather than the solutions Llsed here, were applied, 
then the possibility of significantly increased loss of ammonia should 
be considered. 
5.3.2 Leaching 
5.3.2.1 Ammonium The concentration of ammonium expressed as ppm 
is shown in Figures 5.2 and 5.3 for the main and seasonal treatments. 
The Contt~al data are included on both. Note: the at-dinah, ads is 
1 ogad thmi c. 
For all depths the Control plats had ammonium concentrations at 
or below 0.1 ppm. This agrees with values under a 30-year-old radiata 
pine stand in Vaingaroa Forest (Dyck et al. 1981). 
Levels above Controls are assumed to be ammonium derived from the 
fertilizer.. This may nat be valid 'ferti 11 zer promotes 
mineralization, a priming effect (Popovic and NOmmik 1972, Heilman 
et al 1982a) .. Hov48ver, as an indication o·f fE"t~tilizE!r' moving throl_lgh 
the pl~ofile this assumption h-; justi-fied. The pattern of leaching is 
briefly discussed for each treatment. 
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leachate samples at 20, 40, and 80 cm depths 
460 
89 
Single 
day on which 
days <Table 
This application of 90 9 N was applied on August 22, a 
2.5 mm rain fell. A further 15 mm fell in the nel{t two 
2.4). A collection made during this time detected 
at each depth (Figure 5.2). Concentrations generally 
Controls unti 1 about March. The quanti ty of ammonium 
ferti lizer 
n~mai ned above 
1 eached cannot 
difficult given 
be calculated and compar-isons with other studies are 
peculiarities of site and sampling. 
3-Splji Three small peaks were apparent at 2(1 em corresponding 
with fertilizer applications. The same pattern, but LIp to 30 days 
later, was observed at 40 cm. There was no appreciable leaching of 
fertilizer to 80 cm depth. 
9-Split: Fertilizer 
third application 'In June 
week. Therea-fter eh'vated 
There was no evi dencl'i for 
depth for this treatment. 
was not detected at 20 em until after the 
27, when 32 mm rain fell in the following 
ammoni um 1 evel s I"ere detected unti 1 March. 
appreciable leaching to el thet- 40 or 80 cm 
Autumn A 
application at 20 
peaks at 110 and 
40 and 80 em. 
peak was evident some 60 days after fertilizer 
em. Within 100 days Control levels were reached. Two 
18 days indicate that fertilizer may have leached to 
Sgring This application of 30 g N coincided with the Single 
application of 90 9 N. A similar pattern was seen except Control levels 
were reached sooner at 20 and 80 cm depth. 
Summer=. On the day of application 3.5 mm rain fell and 4-7 mm 
within the next 3 days. Unfortunately no collection was made until day 
36. For the remainder of the experiment elevated levels were apparent 
at 80 cm. 
There was evidence -for two pet-iods of leaching following urea 
applica.tion: 
(i) immmediately afterwards with a significant rain event~ e.g. 
Single and Spring treatments when fertilizer was detected 
within 2 days at 80 cm. 
(il) within a period of about 200 days with a tendency for peaks 
to occur in the order of 20, 40, 80 cm. 
There was an indication of greater leaching in the Single as 
opposed to Split application treatments. For the Single treatment 
Control levels were reached about 210 days after aplication. Worsnop 
and Will (1980) report a return to pretreatment ammonium levels, at 
30 cm depth 270 days after applying 200 kg N/ha as urea to a 13-year-
old radiata pine stand. Heilmen et al. (1982a) applied urea at 
224 kg N/ha to young douglas fir. After an initial peak, the ammonium 
content of the soil to 38 cm depth declined rapidly and control levels 
90 
approached after 170 days. 
5.3.2.2 Nitrate The nitrate i on was onl y anal ysed on a few 
plots from February to July, 1984 (data in Appendix 10). Concentrations 
of ni trate were often at least an order of magni tude higher than the 
ammonium ion. Concentrations in the Control varied from 0.5-
2.5 ppm N03 -. These are considerably higher than a control plot under 
radiata pine in f(aingoroa Forest <Dyck et al. 1983). Their levels 
averaged 0.006 ppm for 2 years. The Battle Lake site apparently has a 
high nitrifying capacity. Nitrogen is reputedly conserved in 
undisturbed systems so the experimental conditions may be responsible 
for these high levels. Vegetation was controlled by herbicide, thus 
removing a possible sink for nitrate. It should also be noted that the 
previous pine crop was windblown in 1978 and not replanted until 1981. 
High levels of nitrate up to 24 ppm were detected on some 
ferti lized plots. l~ere were no apparent trends across treatments. 
Concentrations were generally higher at the lower depths and a decline 
from February to July was apparent on some plots. These high levels 
were confirmed by repeating the analysis using an autoanalyzer. 
There was apparently a population of nitrifying bacteria on this 
site which utilised some of the ammonium pool. The movement of nitrate 
to depth is a loss of nitrogen from the major rooting zone. Cations may 
also have been lost in association with the nitrate ion. The 
implications of leaching are discussed in Chapter 7. The period of 
nitrification following fertilization cannot be determined from these 
resul ts. However, high ni trate levels as ammonium was dec1 ining may 
suggest that nitrification was delayed. This was the case in laboratory 
studies (Ballard 1979) and under a 23-year-old radiata pine stand 
following urea applications (Adams and Attiwill 1983). 
Foliar N-15 
5.3.3.1 Percentage Nitrogen Derived fro~ the Fertilizer 
ex Ndff). The uptake patterns for the main and seasonal treatments are 
shown in Figures 5.4a and 5.4b. Analyses of variance were initially 
performed using data at 14, 55 and 110 days since the first 
applications <Tables 5.2 and 5.3). These anal yses were confounded by 
the age of fOliage sampled and the quantity of nitrogen that each 
treatment had received. After day 110, data was analysed for a 
particular date and was thLIS confounded by time since application. 
Main treatments Fertilizer was detected on the first sampling, 
some 14 days after application for each treatment and Ndff continued to 
increase steadily thereafter (Figure 5.4a), By day 55 the similarity 
between the three treatments was evident regardless of the quantity of 
nitrogen applied (Table 5.2), l~hen the 1982/83 foliage sampling was 
discontinued on November 15, a quarter of the foliar nitrogen was 
derived from the fertilizer for the 3-Split and 9-Split treatments. The 
newly expanding 1983/84 foliage on this date showed appreciably higher 
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labelling (Figure 5.4a), This was particularly pronounced for the 
Single tt-eatment \;Jith 14 and 301. Ndff in the oldel~ and nel'l foliage 
n;~5pectively. This is in agreement l'lith sever-al othel~ studies (e.g. 
Mead and Pritchett 1975a, Melin et ala 1983). This may be attributed to 
the active physiological status of the young expanding needles with a 
correspondingly high demand for ni The significantly higher Ndff 
on the Single treatment after 110 days (la.bIe 5.2) is because these 
young needles were sampled. 
Table Percentage of nitrogen derived from the fertilizer (X Ndff) 
for 110 days after the first applications of the main 
treatments. 
Day since 
f i r~st 
a.ppl i ca.t ion 
Single 3-Split 9-Split (BE) 
-------------- % Ndff --------------
14 1.4 1.0 1.4 (0.36) 
(4/9, 90)% ( 16/5, .30) ( 16/5, 10) 
55 9.4 7.0 6.4 (1.971 
(18/10, 90) (27/6, 30) (27/6, 20) 
110 31. 4# 11.8 13.4 (3.16) 
( 13/1 90) (22/8, 30) ( 40) 
p 
0.640 
0.545 
0.003 
-----------------------------------------------------------
* date of sampling and grams of nitrogen applied by then. 
# 1983/84 foliage. 
(BE): standard error. 
p probability of differences according to ANOVA. 
The labelling in the expanding 1983/84 foliage initially declined 
for the 3-Split and lit treatments as a consequence of dilution by 
less enriched nitr·ogen. The subsequent I~ise coincided with the -final 
fertilizer" application on Decembet- 13. This rise in February, 
same 7 weeks after the applicaton. The Single treatment also peaked in 
February even though this application was 5 months earlier. This longer 
response was presumably a consequence of a heavier fertilizer 
application. After the summer peak there was a decline through winter 
and into the next growing season. There were no statistically 
significant (p < 0.2) differences between the three treatments for any 
of the 1983/84 foliage sampling dates (analysis not presented), 
§easonal Treatment.s The i ncr'ease in Nd·ff up to day 55 was t.he 
same for the AutUmn and Spring treatments (Table 5.3). The new foliage 
again had a higher labelling, e.g. 26% as opposed to 11X for the older 
foliage in the Spring treatment (Figure 5.4b). This foliage age 
difference was the cause of the higher labelling for the Summer 
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treatment up to day 55 (Table 5.3). 
Table 5.3 Percentage of nitrogen derived from the fertilizer (% Ndff) 
for 110 days after the seasonal applications. 
Day since 
application 
(30 g 1\1) 
Autumn Spring Summer (SE) P 
14 
55 
------------- % Ndff -------------
1.6 1.3 
(16/5)* (419) 
9.0 9.6 
(27/6) (18110) 
3.9# 
(28/12) 
14.3# 
(7/2) 
<0,4.3) 0.043 
(1. 76) 0.207 
110 14. 1 22.1# 14.0# 
(27/3) 
(1. 67) 0.065 
* # 
(SE) : 
p 
(22/8) 
date of sample. 
1983/84 foliage. 
standard error. 
( 13112) 
probability of differences according to ANOVA. 
The Ndff in the 1982/83 foliage of the Autumn treatment reached a 
plateau about 120 days after application. A similar steady state level 
was reached for the Summer treatment after 75 days. There was an 
indication of a similar level on the Spring treatment after about 100 
days. 
The Ndff ded ined in the Autumn and Spring treatments i.n the 
rapidly expanding new foliage. A steady state was reached by March at 
the same level as for the Summer treatment. Data were not available for 
September 28, so the final biomass data (October 7) have been used to 
complete Figure 5.4b. 
There were no significant differences between treatments after 
February (analysis not presented). 
The use of Ndff as an indicator of differences in fertilizer 
uptake relies on trees having the same initial nitrogen content. 
Clearly a tree with a large nitrogen pool in its foliage will have a 
lower % Ndff after N-15 application than a smaller tree ceterus 
paribus. An estimate of the initial foliar nitrogen pool at the time of 
application is given in Table 5.4, i.e. nitrogen concentration 
(Chapter 4) x older foliage biomass (Chapter 3). As these different 
pools might affect the interpretation of results, a co-variance 
analysis was performed for the day 55 data. The co-variate used was the 
reciprocal of nitrogen content (c.f. Chapter 4). The adjusted means are 
given in Table 5.5. 
Table 
Table 
5.4 
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Estimated needle nitrogen pool per tree prior to the 
first fertilizer applications. 
Date % N Old foliage N Pool 
biomass (g) 
(g) 
3-Split " t1ay 1. 513 688 10.41 .:.. 
9·-Spl it 2 t'1ay 1,585 435 6.89 
Single r'j'") ~.:....:.. ('lug. 1. 705 602 11),26 
Autumn 2 May 1.598 355 5.67 
ing 22 Aug. 1.734 542 9.40 
Summel-* 13 Dec. i,892 496 9.38 
*: inaccura~e estimate due to flushing of new foliage. 
Percentage of nitrogen derived from the fertilizer, 55 days 
after the main treatments; actual means and means adjusted 
for initial nitrogen pool. 
Single lit 9-Split (SE) P 
------------- % Ndff ------------
{ictual 9.4 
AdjLlsted 10.4 
(SE): standard error. 
7.0 
8.0 
6,4 (1.97) 
4.5 (1. 95) 
0.545 
0.329 
p probability qf differences accoring to ANOVA. 
The trend in Table 5.2 is accentuated but the differences remain 
non-significant. The difference between the it and 9-Split is in 
appl~o:d mate agn:!ement wi th the amount of ni trogen appli ad. The 
difference between the Single and Split treatments is not. The Single 
tre,:1tmf:!nt tt-ees may hewe a Ii mi ted ab iii t Y to uti I i S8 the I 
available pool of fertilizer nitrogen, at least into the foliage during 
the first 55 days, It is also possible that the available ni pool 
was rapidly reduced because of leaching (Section 5.3.2), 
The seasonal b-eatment data \>.)et-e not amenab I e to co-vari ance 
analysis, so the results in Table 5.3 cannot easily be "corrected", The 
initial nitrogen pool on the ing treatment was much larger than the 
I~utumn treatment nable 5.4), therefore~ the indic.;,1.tion o·t a simi 1 at-
uptake by day 55 (Table 5.3) may be misleading. 
A comparison of the Spring seasonal treatment (30 g N) wi th the 
Single treatment (90 g N) is not confounded by date of application. For 
the first 55 days the uptake was apparently the same (Tables 5.2 and 
5.3', although the different initial pools (Table 5.4) should again be 
considered. Thet-eaHet- the NdH leveled oH in the older foliage and 
decreased in the new foliage for the Spring treatment, while it. 
continued to climb for the Single treatment (Figures 5.4a and 5.4b). 
The uptake [>.las, 1 y, t-easonabl y constant acnJSS rates of 
nitrogen and se.3SCln of application for at least the first 55 days. 
Thereafter the continued availability of fertilizer nitrogen regulates 
further uptake. For the main treatments ammonium levels at 20 em depth 
remained above Controls until March. The decline in Ndff (Figure 5.4a) 
coi nei ded l'li th the t-etw-n to Contt-ol 1 evel sin the 1 eachates (Fi gure 
5.2) . 
5.3.3.2 FeLtilizet- Nitt-oqeQ ContenJ;. Pet- Figul~e 5.5 
';:;hows the felrti 1 izer ni trogen content per needle based on the N-15 
.;: •. nalysis. This is a pt-oduct of the labelled nitrogen data (previous 
sc-?ction) and tota.l nitrogen needle content (Chapter 4). In Figw-e 5. 
data ·fot- the tl>.lO cl-own positions are shown separately for the main 
tr-eatments because O'! the dif·ferences in needle l'-leight (Chapter- 3). 
There were also differences in the seasonal treatments, but, for 
clarity, only the upper crown data are shown in Figure 5.5b. 
A statistical analysis of N-·1.5 content per needle is given in 
Table 5.6 for the first 110 days after the main treatment application. 
As an estimate of treatment differences in tree uptake of fertilizer N, 
thi s parametet- assumes an apprOld matel y equal number o-f needl es per 
tree. Thi s I-jas cl earl y not the case (Chapter 3), Accm-di Ilgl y a co-
variance analysis was used for the day 55 data to remove the effect of 
variable foliar masses. The co-variate was the reCiprocal of old 
foliage biomass (c.f. Chapter 4 and the previous section), 
Table 5.6 Fertilizer nitrogen content per needle for 110 days after 
the first applications of the main treatments. 
Days si nee 
f i t-st 
.appl icati on 
14-
t:"t:" 
W·.J 
110 
actual 
usted 
Single 3-Split 9-Split 
--------- ~g N-15 I needle 
"'" 3 4 w 
47 26 25 
49 r'.'1O ..:.., 21 
a 48 68 
a new foliage sampled. 
(SE): standard error. 
p probability of treatment differences. 
(SE) p 
(1. 1) 0.336 
(8.5) 0.141 
(8.2) 0.146 
(14.4) 
I"la-in Tr§tmg[lts Fel~tilizer N accumuI.ated in the needles 0"1: the 
3-Split and 9--Split treatments from May - August during the coldest 
part of the year (see Figure 2.4). The rate of accumulation increased 
fjg N-15 
per 
needle 
j..lg N-15 
per 
needle 
250 
50 
o 
150 
100 
50 
o 
96 
(a) 
1982/83 foliage 
middle crown - 9 
- Split + 
~t A - 3 - Spl' 
- Single 0 
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Autumn 
Spring • 
Summer 0 
DAYS 
Figure 5.5 N-15 content (b) seasonal per needle for treatm nts (a) main treatments and 
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after a further application in August. From October to November there 
was net retranslocation of fertilizer nitrogen from the 9-Split 
tl~eatment, in accordance wi th the trends for total ni trogen (Figure 
4.2) , 
The adjusted means in Table 5.6 show a similar pattern to the 
% Ndff data in Table 5.2, Le. an increased N-15 needle content with 
rate of applied nitrogen but not in proportion to the rate. 
The rapid incorporation of fertilizer nitrogen into the new 
fol i age foIl DI'ied the pattern of the uptake of total ni trogen (Chapter 
4), By March a constant value is approached for the Single and 3-Split 
treatments, al though duri ng thi s peri od total ni trogen continued to 
incr"ease (Chaptet- 4). This explains the decrease in the Ndff ~Figure 
5.4a), The higher N-15 contents in the 9-Split treatment are in 
agreement wi th the total ni trogen data and may agal n be exp I ai ned by 
the smaller total number of needles in this treatment (Chapter 3). 
There were, however, no significant differenes between treatments for 
either the upper or middle crown in Figure 5.5a. 
Seasonal Treatments The uptake pattern for the Autumn treatment 
was initially the same as the 3-Split, but then tapered off as for the 
Ndff (Figure 5.5b). Similarly the Spring treatment followed the 
accumulation pattern of the Single treatment in the 1982/83 foliage. 
However, in the 1983/84 foliage the level reached was about half of 
that achieved for the main treatments. There were no significant 
differences between seasonal treatments after February (analysis not 
presented) , 
General Discussion Fol tar N-15 Ugtake The major 
conclusions are: 
there was a similar uptake for the first 55 days regardless of 
season, rate or method of application, 
- an apparently steady state was reached by March· for all 
treat.ments, 
the fertilizer nitrogen content per needle in the main 
treatments was only twice that of the seasonal treatments, 
although three times as much nitrogen was applied. 
The initial uptake figures suggest that there may be a limit to 
the quantity of added nitrogen the trees can utilise. Clearly, the 
available pool of nitrogen from a 30 9 N and a 90 g N application 
(Spring and Single) has been utilised to the same extent by the 1982/83 
foliage, i.e, approximately 65 ~g N per needle by November 15 (Figures 
5.5a and b). 
The data only refer to the particular foliage component sampled, 
so cauti on i s I~equi red in e:< tr apol ati ng to a l'ihol e tree basi s. For 
e:·~a.mple, there may have been differences in Llptake and storage into 
fine roots between treatments. Does Figure 5,5 indicate a cessation of 
fertilizer N uptake by March? Without the use of sequential tree 
harvests (c.f. Nambiar and Bowen 1986) this cannot be categorically 
ansl'Jered. HO\'J8ver, 1983/84 foli age is a major component of the tt-ee 
(Cha,pter 3) ami is presumed to be the majot- si te for ferti I i zer N 
accumulation (see Chapter 6), With the exception of a few autumn shoats 
this component of biomass 1'1215 fully formed by March. Unless major" 
retranslocation from the sampled needle biomass or fertilizer N uptake 
was occurri. ng i rita othet- tree components, it may be conci uded that 
f er"t iIi zer N uptake had vi t-tuall y ceased by t1arch. It shoul d 211 so be 
noted that thet-e is 1 i ttl e evi dence f or furthel~ uptake in the new 
growing season from the September 28 sample (Figure 5.5). Further 
evidence fot- this limited period of upta,ke (200 days aftet- Single 
application) comes from the 20 em lysimeter data showing Control 
ammonium levels to have been reached by March (Section 5.3.2). Other N-
15 studies alsa support the view that uptake of fertilizer N is 
confined mainly or wholly to the first growing season (Mead and 
Pritchett 1975b, Na~biar and Bowen 1986). 
The data indic~te no differences in fertilizer N recovery between 
main or between seasonal treatments. However, the seasonal treatments 
have half the fertilizer nitrogen content per needle of the main 
treatments, but only received one third the quantity of nitrogen. Does 
this indicate increased uptake of fertilizer N at the lower rate? This 
is unlikely, given the differences in biomass response in the 1983/84 
foliage (Chaptet- 3), i.e. 1629 9 at 30 9 Nand 1965 9 at 90 9 N <Table 
3.10). The relatively higher needle content for the seasonal treatments 
could thus be attributed to there being less foliage biomass. 
Inorganic nitrogen fertilizers are 
reputed to be able to promote mineralization of native soil nitrogen. 
Studies using N-15 labelled fertilizers have shown mineral soil 
nitrogen pools to be larger than can be attributed to the fertilizer 
and background nitrogen alone (Popovic and NOmmik 1972, Overrein 1972). 
The processes involved in this apparent priming action and its 
implications at-s j however', contested (Jansson 1971, Ha,uck and Bremner 
1976, Laura 1975, Westerman and Tucker 1974). 
Anal )lses Cire pt-esented het-e to ascertai n if any pri mi ng a,cti on 
t-esulted in higher foliar nitl~og'?n levels (c.L Heilman et a1. 198221). 
Needle nitrogen content attributed to the fertilizer on the main 
treatments was calculated by two methods. The direct method is based on 
the N--15 analyses (Figure 5,5a), The indirect method is based on the 
di HSlrence behleen total ni trogen content in Control and fet-ti 1 i zed 
needles. This was calculated from the data in Table 4.8 and Figure 4.2. 
The N-15 cla,ta at-e B.5sumed to gi ve an estimate of actu.al fel·-ti 1 izer N 
uptake. A higher estimate using the indirect method would suggest a 
greater of native soil nitrogen. Standard errors for means and 
differences between means were calculated according to Steel and Torrie 
(1981, p.143). 
Fot- the 1982/83 foliage thet-e is some evidence for a priming 
effect in August for the lit treatment (Table 5.7). This coincides 
with the highest concentration of ammonium ion in the 20 cm lysimeters 
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(Section 5.3.2). On most other occasions and for the 1983/84 foliage 
<Table 5.8), the N-15 method gives a higher estimate, which may be 
called a nnegative priming effect" (Hauck and Bremner 1976). This is 
particular! y pronounced from February/March onwards when 'ferti lizer 
nitrogen according to the difference method declines. This is due to a 
relatively greater increase in needle nitrogen content on the Control 
trees (Figure 4.2). The difference method is clearly inappropriate 
where there are alternative sinks, due to greater biomass accumulation 
in fertilized trees. 
Table 5.7 
Sampling 
date 
May 16 
June 27 
August 22 
September 4 
October 18 
November 15 
Comparison of the two methods for calculating fertilizer 
derived nitrogen per needle. 1982/83 foliage. 
~1ethc.d 
DIFF 
N···15 
DIFF 
N-15 
DIFF 
N-15 
DIFF 
N-15 
DIFF 
N'~15 
DIFF 
N-15 
Single 
39 
<) 
13 
29 
I) 
-18 
5 
66 
47 
73 
62 
3-Split 9-Split (SE) 
--- ~g fertilizer N / needle ---
-36 
..,. 
. .;, 
-1 
26 
47 
48 
35 
69 
62 
104 
70 
109 
1 
4 
21 
25 
120 
38 
97 
78 
151 
126 
90 
110 
(45) 
(1) 
(39) 
(9) 
(54) 
(11 ) 
(44) 
( 18) 
(54) 
(22) 
(59) 
(19) 
(SE): standard error. 
DIFF: fertilizer nitrogen calculated by difference between 
fertilized and Control needles. 
N-15: fertilizer nitrogen calculated by N-15 method. 
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Table 5.8 Comparison of the two methods for calculating fertilizer 
derived nitrogen per needle. 1983/84 foliage, upper crown.' 
Sampling 
date 
November 15 
December 13 
December 28 
February 7 
March 27 
June 20 
September 28 
Method 
DIFF 
N-15 
DIFF 
N-15 
DIFF 
N-1:5 
DIFF 
N-15 
DIFF 
N-15 
DIFF 
N-15 
DIFF 
N-15 
Single 3-Split 9-Split 
--- Vg fertilizer N / needle ---
28 
51 
31 
69 
58 
79 
100 
150 
31 
188 
18 
193 
-12 
197 
64 
81 
48 
85 
50 
lCl3 
65 
162 
-43 
184 
-28 
203 
-85 
203 
57 
78 
86 
92 
79 
111) 
141 
180 
123 
210 
68 
220 
89 
247 
(SE): standard error. 
DIFF: fertilizer nitrogen calculated by difference between 
fertilized and Control needles. 
N-15: fertilizer nitrogen calculated by N-15 method. 
• the trends were similar for the middle crown needles. 
(SE) 
(24) 
(13 ) 
(37) 
( 16) 
(35) 
( 17) 
(30) 
(23) 
(34) 
(21 ) 
(49) 
(22) 
(80) 
(20) 
Clearly the analysis is encumbered by highly variable data. Two 
approaches were tried to lessen this effect: 
(i) an analysis of co-variance to remove the effect of different 
initial needle nitrogen contents. The data for May 2 was 
used as the co-variate. 
(ii) repeating the analysis for needle nitrogen concentration only 
(c.f. Heilman et al, 1982a) to reduce the variability 
inherent in using the composite parameter, needle nitrogen 
content. 
The analysis using needle nitrogen concentration for the 1982/83 
foliage gave the same patterns as for ni trogen content. Data for one 
date, August 22, are presented in Table 5.9 along with the original and 
adjusted nitrogen contents. The means have been adjusted but the 
increase in precision is negligible. 
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Table 5.9 Comparison of fertilizer derived nitrogen calculated by the 
N-15 and difference methods for the August 22 foliage 
sample. 
Single 3-Spli t 9-Split (SE) 
--------------------------------------------------------------
I-Ig N I needle DIFF 47 120 (54) 
<Table 5.7) N-15 0 48 38 ( 11) 
adjusted pg N DIFF 8 64 113 (53) 
pet- needle increase N-15 0 48 388 (11 ) 
'Y. N increase DIFF 0.06 0.24 0.42 (0, 111) 
N-15 0 0.15 0.28 (0.070) 
(SE): standard error. 
DIFF, N-15: as for Table 5.8. 
The indication of a priming effect in August following autumn and 
winter applications is in agreement with Heilmen et ai. (1982a) as is 
t he rever se trend in subsequent samp Ii ngs, Hauc k and Bremner (1976) 
observe that the difference between the two methods is usually greatest 
during the early harvests of a sequential harvest experiment (e.g. 
Westerman and Kurtz 1973), However, the priming effect, even if real, 
is only transitory and the subsequent reverse effect is as important, 
This indicates that onfet-tilized plots the uptake of native soil 
nitrogen is depressed. This apparent negative priming effect has been 
observed previously (Gadet and Soubies 1966, Westerman and Tucker 
1974). The latter authors observed this effect when high concentrations 
of salts were added along with ammonium. This decreased activities of 
microrganisms with an attendant slowing of the mineralization rate and 
also the immobilization of added ammonium. It is unlikely that the 
quantities or concentration of applied nitrogen in this study adversely 
affected the soil microflora. Indeed the first observed effect of urea 
applications was an algal bloom on the soil surface. This initial 
reaction could have been associated with the possible priming action 
discussed above. 
If the mineralization/immmobilization processes were not 
adversely affected then it may be assumed that a similar pool of native 
soi 1 nitrogen is avai lable on ferti lized and control plots. Why do 
fertilized trees apparently not use this pool? Or, conversely, why is 
there a preferential uptake of N-15? Biological discrimination between 
the two isotopes of nitrogen is possible <Bremner et al. 1966), but 
this can generally be discounted in most experimental situations 
(Jansson 1971, Hauck and Bremner 1976), It is more likely that the 
trees could more readily utilise the available pool of labelled 
ferti I i zer nitrogen which "bathed" 
mineralization of native soil ni 
root surface. 
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the roots. Ammonium from 
would first have to move to the 
The difference in the uptake of fertilizer N estimated by these 
two methods is discussed further in Chapter 6, following presentation 
of the total tree uptake figures at the end of the experiment. 
='-==-='-'-=-::.. !.!.=-=-~''':' the gro~"n In the previ ous 
chapter, gradients in total needle ni tI~ogen concentration were 
discussed. Here an analysis of fertilizer gradients is presented using 
the ratio of upper to middle crown atom % N-15, (Table 5.10 and 5.11). 
Table 5.10 Upper:Middle crown ratio of atom % N-15 
b-eatments. 
Date Singl~ 3-Split lit (SE) F' 
-----------------------------------------------------------
15 Nov. 0.93 1.00 
17 
'-' 
Dec. 0.94* 1.04 
28 Dec. 0,93 0.98 
7 Feb. 0.96 0.99 
27 Mar. 0.97 0.98 
20 Jun. 0.98 1.00 
28 Sept. 1).95 1.00 
* 3 replicates only. 
(SE): standard error. 
p probability of differences 
applications according to 
contrasts in ANOVA. 
0.97 (0.019) 0.032 
0.99 (0.036) 0.165 
1.00 (0.018) 0.030 
1.00 <0.(16) 0.111 
1.00 <0.(15) 0.186 
0.99 <0.(10) 0.135 
1.00 (0.008) 0.029 
between Single and Split 
single degree of freedom 
Table 5.11 Upper:Middle crown ratio of atom % N-15 for the seasonal 
tre.",tments. 
Date Autwnn Spring Summer (SE) F' 
------------------------------------------------------------
15 Nov. 0.99 1.00 no ferti lizer (0.037) 
13 Dec. 0.96 0.97 no ferti Ii zet- (0.001 ) 
28 Dec. 1.04 1.08 0.96 (0.018) 0.048 
7 Feb. 1.08 0.98 0.93 (0,024) 0.089 
27 Mar. 1. 01 1.00 0.97 (0,022) OR323 
20 Jun. 1. 01 0.99 0.98 (0.007) 0.143 
(SE): standard error. 
p probability of treatment differences between Summer and the 
other two treatments according to single degree of freedom 
contrasts in ANOVA. 
The differ-ence's between positions were small, i.e. the Y-atio 
appnJached 1.0. The Summet- treatment <Table 5.11) shows a consistent 
gr-adient v.Ji th a hi enrichment in ttlf~ riddle ct-own ~'-!hich was mm-e 
pronounced just after- the fertilizer was applied. Similarly the Single 
treatment (Table 5.10) shows a consistent gradient favouring the middle 
crown whereas the lit treatments show no gradient. 
Th,~r'e is some contt-oversy in the literature <C.f. 11elin et al 
1983) as to whether the concentration of labelled nitrogen increases or 
dect-eases with height in the cro\'-!n. WOlrsnop and Will (1980) found an 
increase from the base to the top of 14-year-old radiata pine. Nambiar 
and Bowen (1986), working with younger trees of the same species, found 
no gr'adient in N-15 endchment with tree height. Mead and Pritchett 
(19758) showed the highest concentrations of labelled nitrogen to be in 
the 10\'i8t- ct-mm of slash pine as do Bjorkman et al. (1967> in young 
scots pine. These 2-.Dpa.rently mLltLlally inconsistent t-esults might be 
explained by factors which ate translocation and redistribution of 
ni trogen wi thin the tree (Melin et al. 1983). 
Definite gradients in total nitrogen concentrations were observed 
eady in the season which wet-e (related to the preferential gy-owth of 
upper crown needles at this stage (Chapter 4). Clearly, the N-15 
endchment does not follOl'i this pattern. Either there is an opposite 
gl'~adient, apparently related to time since fertiliz.ation, or none at 
all. Mead ·and F'r-itchett (1975a) eHplain theit- gt-adient as labelled 
nitrogen becoming further diluted with internally cycling nitrogen 
(natuY-al enrichment> as it moves up the ct-OI<ln. In this study, there is 
some retranslocation from older foliage (Chapter 4). In the case of the 
Summer treatment any retranslocated nitrogen early in the season will 
be at a natural end chmenL If it moves preferenti all y to the upper 
crown, dilution of labelled ni will occur resulting in the 
gt~adient seen <Table 5.11). In the case of other treatments 
retranslocated nitrogen from the 1982/83 needles would itself be 
labelled, but at a lower ent-ic:hment, ~'jhich \o,Jould still support the 
dilution hypothesis. This may explain the gradient in the Single 
treatment where any retranlocated nitrogen from 1982/83 needles has a 
lower enrichment compared ~ith the lit and 9-Split treatments 
(FiguY-e 5. 4a). 
Bjorkman et aL (1967) sho~'i a patrallel gradient for total 
nitrogen and atom % N-15. Mead and Pritchett (1975a) show no gradient 
for tota.l nitn::>gen, indica.ting a. uniform demimd. In this study; thet-e 
was a very definite gt-adient early in the season for tohd. nitlrogen. 
The absence of a fertilizer N gradient to support this either suggests 
discdmination b(,.:·t:<ieer, nitroqen i (c.L Shearer et aL 1980, 
f(Clhl et al, 1979) or- I-ett-anslocation of lowetr endched Ili tt-ogen to the 
upper ct-mm, a dilution hypothesis. An alternative e:qJl"mation which 
may be applicable soon after fertilization, is a time lag for labelled 
nitrogen to reach the upper crown. 
The formation of autumn shoots was noted from late February 
1. 0'1· 
(Chapter 3). These were sampled after elongation was complete and were 
analysed for N-15 on June 20. The Ndff was the same as the main flush 
(data not presented), The even labelling indicates that nitrogen from 
the main flush was retranslocated to the autumn shoots. Fife and 
Nambiar (1984) found that retranslocation of nitrogen from spring 
needl es was reduced when summer shoots ~'iere removed. 
that the ni tt-ogen requi rement.s o·f summer shoots 
retranslocation from spring needles. 
They contended 
were met by 
5.3.4 Soil Analyses 
5,3.4.1 Iili A small increase in pH following urea application 
was apparent (Table 5.12). Worsnop i'),nd i·Ji 11 (1980) report changes in 
soil pH did not e~,(ceed 0.5 of one unit fallowing an application of 
200 kg N/ha as a drea, solution. The decrease in aeidi ty wi th depth 
agrees with the usua! trend (Pritchett 1979). 
Table 5.12 pH changes fallowing the Single application of fertilizer. 
Depth 
(cm) o 
Months after fertilizer application 
246 10 
0-10 4.67*(0.099) 4.90(0.123) 4.78(0.048) 4.83(0.098) 4.78(0,100) 
10-30 4.82 (0.298) 5.06(0.114) 4.86(0.108) 4.96(0.038) 4.99(0,026) 
*= mean of four plots and standard error. 
5.3.4.2 Nitrogen The total nitrogen concentrations were highly 
variable (Appendix 11). The means for all plots and dates were 0.084% N 
for 0-10 cm and 0.018% N for 10-30 cm. 
The N-,15 t-esul ts (Appendi:{ 11) are summad sed til Tabl e 5.13 as 
the of nitrogen derived from the fertilizer. Within two 
Table 5.13 of nitrogen derived from the fertilizer in soil 
Depth 
(cm) 
0-10 
10-30 
nitrogen for 14 months following fertilization: Single 
treatment only. 
Months after fertilizer application 
2 4 6 10 14. 
------------------------ % Ndff ------------------------
5.8# (1. (1) 
6. I) (1. 86) 
2.7 (0.97) 
2.4(1.08) 
6.0(2.44) 
3.1 (1).50) 
3.7(O.92} 
2.8(0.55) 
*: .final sail samplin1J (Oct. 1984) fl~om Chapter 7. 
I: mean of four plots and standard error. 
2.8 (0, 63) 
1.7(0.35) 
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months of application there was an even labelling of nitrogen at both 
depths. This declined from two to four months and then remained fairly 
constant with the exception of the apparently anomalous data after six 
months. 
The recovery of fertilizer nitrogen was calCUlated from the N-15 
and /. N data utilising the bulk densities in Chaptet- 7. The data for 
0-10 cm at six months (Table 5.14) are probably in error. The recovery 
for one plot \;la.s cleady too high, apparently due to d.n e:-:treme 1\1-15 
atom % value (Appendix 11). 
Tab 1 e 5. 1'1 Recovery of applied fertilizer in the soil for 14 
months following fertilization. Single treatment only. 
Depth 
(cm) . ..., ..::. 
Months after fertilizer application 
L1 6 10 
---------------------- % of applied 
0-10 42.2#(7.62) 21.6<7.72) 
9.1 (3.80) 
38 •. !J ( 18. ()4 ) 
12.4 (1. 88) 
22.2(4.45) 
10-30 22.5 (7.84) 8.8(1.83) 
SU.m 64.7 (15. 1'"n 30.7(11.05) 51.1 (18.02) 31.0(6.08) 
*: final soil sampling (Oct. 1984) hom Chaptet- 7. 
#: mean of four plots and standard error. 
20.9(4.73) 
9.6(2.06) 
30.5(6.70) 
Tl'»ic,;? ·::I .. ~i much fel·-til.L:f~t- ~j \'»as t-ecO\lered in the uppet- hodzon 
(Table 5.14). AHet- hiD months 65% o·f the fertilizer N was accountE!d 
for- in the top 30 cm of soil.' This halved during the ne:<t two months, 
presumably 2S tree uptake and leaching occurred (Figures 5.2 and 5.5a). 
l~i thi n four months the recovet-y of ferti 1 i zet- N to .30 em depth 
had stabilised at 30%. This suggests that an equilibrium between 
applied N-15 and native soil nitrm.len had been reached. The majOl'-
per-iod of "loss" ·j:rom the sampled soi.l I'Jas appat-ently Nithin four' 
months of application. The peaks of ammonium ion concentration in 
1 eachates occunred I>ii thi n two mc.mths o·f appl i cati on at 20 and 40 em 
depth (Figure 5.2) 
Other studies have also shown an initial period of 
followed by sti:'\ble soil N-15 level.s a.Her a fel>J months. 
Pritchett (1975a) show equilibrium conditions within 12 weeks 
leaching 
t1ead and 
fall OI'»i ng 
appl.ic.::I.tions of ammonium sulphate to a slash pine ecosystem. Popovic 
and N6mmik. (1972) showed ur'ea nitt-ogen to have rea.ched an equilibrium 
phase Nithin 6 weeks of application to soil under norway spruce. 
5m 3. 411:~ seasonal pattern of nitrogen 
concentr-.::Iti on \'»as the same 'for" both tr'eatments studi ed (Fi gure 5. 6a) . 
The initial rise was after a fertilizer application in the spring. 
ash 
free 
0/0 Ndff 
2.0 
1.8 
1.6 
1.4 
1.2 
Fertilizer applications 
(a) 
+ 
+ 
9 - Split + 
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Foliar XN also rose from August to October (Figure 4.1), The decline in 
%N from October to November coincided wi th retranslocation of fol iar 
ni trogen to the newl y e){pandi ng fol i age. The ri se fr'om Decembe~~ to 
February appearred to correspond with the major phase of nitrogen 
uptake into the new foliage (Figure 4.2). The decline from Februay to 
June occurred when accumulation in the 'foliage was declining (Figure 
4.2) • 
The proportion of nitrogen derived from the fertilizet- broadly 
follm-Jed the same pattel~n as for total nitrogen (Figure 5.6b). The 
large increase from Decembe~- to February indicated a major phase of 
fertilizer N uptake. From February the steady or declining value could 
indicate a cessation of fertilizer N uptake (c.f. Section 5.3.3.1). 
There are few published accounts of seasonal variation in the 
ni trogen status of roots. The lack of data for Control trees may 
preclude compariso~s with other studies. However, the seasonal patterns 
of foliar nitrogen <:oncentration \'Jere similar between fertilized and 
Control trees (Figure 4.1'. McClaugherty et al. (1982) report an 
increased % N in spring and autumn with a decline in winter for 
53-year-old red pine (Pinus resinosa Ait) in Massachusetts. This does 
not agree well with Figure 5.6a, although August - October could be a 
spring increase. Clinton (1986), working with 14-year-old radiata pine 
in ·New Zealand, sa.mpled fine roots tht-ough one year. X N was similar 
for most dates, ex for a significant (p < 0.05) peak in August. 
Inct-eases in % N probabl y represent an i nf I UH of ni trogen into 
fine roots from fertilizer or mineralized soil nitrogen. Decreases may 
be attributed to retranslocation of nitrogen from fine roots to other 
tree components or a significant biomass increase of fine roots, 
causing a dilution effect. 
A depletion of fine root nitrogen between October and December in 
response to demands from the newly expanding foliage seemed possible. 
Roots may act as storage si tes for nl trogen dllring winter (van den 
Driessche 1984). This has been shown for fruit trees <Taylor and May 
1.967) with some indication for douglas fir (van den Driessche and 
Webber 1977). 
The decl ine in % N from February to June could be 
retranslocation. but the major demand for nitrogen above ground is 
declining at this time (Chapters 3 and 4). It is more likely that the 
substantial biomass response in fine roots occurred during this period. 
The lowe~- nitrogen concentrations could then be due to a dilution 
effect. The steady or declining Ndff values suggest that the nitrogen 
source was now at a low or natural enrichment. This would be so, if the 
N-15 (last applied on December 13) had come to equilibrium with the 
soil nitrogen (c.f. Section 5.3.4.2'. 
108 
5. 4 CONCLUS ION 
There are three indicators of the length of time a freely 
available N-15 pool exists for tree uptake: 
(i) leaching data, 
(ii) foliar N-15 content, 
(iii) soil sampling. 
The leaching data suggest that there were initially high levels o·f 
ammonium ion in solution. These decrea.sed until Control levels were 
reached about March, 200 days after the Single application. The 
concentt-ation detected for much of this period l'ias only 2-4 times 
higher than the Control at 0.1 ppm. The absolute size of the N-15 pool 
cannot, however, bE calculated from the leaching data. 
The soil samp: ing for the Single treatment indicates that the 
total N-15 pool came to equilibrium with the soil nitrogen pool within 
120 days. The leachate ammonium levels beyond this date may represent 
only a small amount of N-15 available for uptake. 
Probably the best indicator of fertilizer N availability within 
the soil is the foliar N-15 levels. These show rapid accumulation from 
November to February (Figure 5.5), which suggests that there is an 
available N-·15 pool in the soil. This is supported by the leaching 
data, but apparently contradicted by the soil sampling, which suggests 
equilibrium conditions by December. It is, however, probable that total 
N-15 analyses are not an appropriate means to determine availability of 
fertilizer N. Alternatively, the increase in foliar N-15 could be due 
to retranslocation from the roots rather than uptake for the soil. This 
seems unlikely, given the increase in NdH in fine root at this time 
(Figure 5.6b). After March, N-15 uptake into the foliage virtually 
ceased, although total nitrogen continued to 
also evidence for a continued demand for 
components aftet- March (Chapters 3 and 4), 
roots. 
rise (Chapter4). There is 
nitrogen by other tree 
in particular the fine 
It is that by March there was no longer an N-15 pool 
avaj la.ble for tree uptake. Thi s does not mean that nitrogen uptake 
ceased, but rather that uptake was from the native soil nitrogen pool, 
albeit slightly labelled with immobilized N-15. 
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CHAPTER 6 
TREE UPTAKE AND DISTRIBUTION OF NITROGEN 
6. 1 I NTRODUCT I ON 
The simplest method o-f accounting -for the -fertilizer nitrogen 
taken up by trees is the difference between nitrogen content in 
fertilized and unfertilized trees. The quantity taken up is often small 
in relation to the total nitrogen content thus encumbering the method 
with a relatively large experimental error (Melin et al. 1983). It also 
assumes that all the e;-:tra nitrogen comes -from the fertilizer. This 
assumption may no~ be valid if -fertilizer enhances availability of 
native soil nitrogen which is known as a priming effect (Chapter 5). 
Misleadingly high recoveries may also be a result of a biomass response 
on f ert i liz ed trees, enab ling a much greater vol ume of soi 1 to be 
e;-:ploi_ted. Studies where dramatic responses to fet-tilizet- occur will 
require particular cat-e in interpretat.ion (e.g. Waring 1969, 1980, 
Ballard 1978). The difference method may require large numbers of trees 
to overcome inherent variability in tree nitrogen contents. The onus is 
also on the investigator to achieve high levels of accuracy and 
precision in the total nitrogen analysis. Table 6.1 gives the recovery 
of applied nitrogen by this method for several studies. 
Table 6.1 Recovery of applied nitrogen in pines--the difference method. 
Sped es !~ge and Fertilizer Rate Tree Reference 
response (kg N/ha) recovery 
period 
(years) (/. ) 
radiata pine 6 (1) (NH 4 )2S04 300 10 01 i ver 1979 
radiata pine 0 (3) CO(NH2 )2 230 14* Nielsen et aI. 1984 
I~adi ata pine 0(5.5) CO(NH2 )2 500 29 ~Jar i ng 1969 
t-adi ata pine I) en CO(NH2 ):z 700 41 Waring 1980 
t-adiata pine 0 (3) CO(NH2 )2 130 ,C" -_'0 Ballard 1978 
loblolly pine 4 (2) NH4 NO;s 224 3 Baker et al. 1974 
4 (2) NH 4 N0 3 112+112 7 
corsci. CI_n pine 36 (3) (NH4 )2S04 252 51* Miller et aI. 1976 
-----------------------------------------------------------------------
* including roots. 
To overcome the above difficulties, N-15 labelled fertilizers 
have been used (N6mmik 1966, Mead and Pritchett 1975b, Melin et aI. 
1983, Heilman et al. 1982b, Nambiar and Bowen 1986). This metho~ relies 
only on being able to detect a pot-tion o-f the applied tracer in a 
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chemically defineable state (Hauck and Bremner 1976). These authors 
review tracer and non-tracer methods and conclude that the former are 
more accurate. However, certain assumptions have to be made, the main 
one being that biological interchange of labelled nitrogen with 
unlabelled soil nitt-ogen is not confounding the results. Table 6.2 
gives tree recoveries for several studies based on N-15 data. Recovery 
has Llsua.lly been less than 20t., but recent studies (Heilman et a1. 
1982b and NOmmick pers. comm.) have shown higher figures. 
Table 6.2 Recovery of applied nitrogen in forest trees 
methDd. 
the N-15 
ies 
scots pine 
scots pine 
scots pille 
scots pine 
pine 
and norwa.y 
spr"uce 
slash pine 
radiata pine 
douglas fir 
douglas fir 
Age and 
response 
t i IT.e 
(year·;:;) 
12 (2) 
15 (1) 
80 (1) 
130 (2) 
35 (2 ) 
50 (2) 
120 (2) 
5(> (2) 
13 (2) 
O.1.(U 
1 
6 (2) 
4 (2) 
Ferti Ii zer 
(1\IH 4 ) 2804 
(1\IH 4 ) 2804 
CO(NH2 )2 
NH 4 NO:s 
NH 4 NO:s 
NH 4 NO::s 
NH4 NO::s 
CO(NH2 )2 
(NH4 ) 2804 
(NH 4 )2804 
CO(NH2 )2 
CO(NH2 )2 
NH 4 NO:s 
Rate Tree Reference 
(kg N/ha) recovery 
(!. ) 
50 *3-8 I\IOmmi k 1966 
60 15 Bjorkman et a1. 1967 
53 2 Paa.vi I ai nen 1973 
100 12-28 Melin et 81. 1983 
150 45 NOmmik pers. comma 
150 "T"':!" '-'*-' 
150 20 
150 20 
56 # 11 Mead and Pritchett 
224 11 1975b 
8 6 Nambiar and Bowen 
34 1.8 1986 
224 30 Heilman et al.1982b 
200 +42 Pang 1985 
201) 66 
-----------------------------------------------------------------------
* 
above ground only. 
# trees not root isolated. 
+ . study. . 
6.2 METHODS 
6.2.1 Subsampling 
After oven dryi ng, the tree components desi gnated in Chapter 3 
were carefully subsampled to obtain a small sample for chemical 
analysis. 
Coarse roots, i-year and older twigs were ground to sawdust in a 
hammer mill. A subsample taken using a divider was then finely ground 
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in a ring and puck mill. Samples of 1-year stem from three trees were 
also prepared in this manner. These were analysed to confirm that their 
nitrogen status could be estimated from i-year twig data. 
Foliage samples l'4et-e spread on trays and samples of fasicles 
picked out at random and ground in a ring and puck mill. 
Wood discs l'Jen? split with an a~,(e , roughly ground in a \~iley 
mill, then finely ground in a ring and puck mill. Bar"k samples l'lere 
dit-ectly ground in the latter. Current twigs were ground in a Wiley 
mill, then a subsample was taken for fine grinding. 
The rootstock was not sampled. Its ni trogen concentt-ati on was 
assumed to be similat- to the lower stem, i.e. a weighted mean of % N 
for stem wood and bark. The atom % N-15 was taken to be equal to coarse 
r"oots. Even i-f fal se, these assumpti ons are unl i kel y to resul tin 
serious er-ror"s, since the nitrogen content of the rootstock is low in 
relation to that of the rest of the tree (c.f. Melin et a1. 1983). 
All the abovt~ procedut"'es I-lere carr i ed out wi th great care to 
avoid cross contamin&tion. Unfertilized trees were always sampled first 
and grinders were thoroughly cleaned between samples. 
6.2.2 Chemical Analysis: Total NitrogeQ 
200 mg of finely ground material was taken from each tree 
component for KJeldahl nitrogen analysis as in Chapter 4. All samples 
were run in dupl i cate and a preci si on 1 eve I of 3% set , i. e. the 
percentage difference between duplicates relative to their mean is <3%. 
The accuracy of analysis was checked by running the 1985 IUFRO 
interlaboratory comparison samples with all batches. The agreement with 
the international values is e~,(cellent (Table 6.3). Will (1986) 
discusses the results from the comparison. 
Table 6.3 Nitrogen results for 1985 IUFRO interlaboratory comparison. 
Sample \ % N oven dry weight 
Thomas 
Lab 51 (sd) 
* 
International 
Mean (sd) Median (mad) 
-----------------------------------------------------------------------
85/1 tUlip poplar foliage 1. 79 (0.021 ) 1. 72 (0.09) 1. 74 (0.05) 
<'Liriodendron t:ulipifera.> 
85/2 dOLtgl as fir 'f oli age 1.22 <0.(12) 1. 16 (0. (7) 1. 18 (0.03) 
85/3 radiata pine foliage 1.37 (0.018) 1. 34 (0.08) 1. 36 (0.05) 
85/4 radiata pine I'JOod 0.09 (0.004) 0.12 (0.08) 0.10 (0.01) 
85/5 radiata pine bark 0.34 (0.005) 0.33 (0.04) 0.34- (0.02) 
85/6 t-adiata pine littet- 0.67 (0.007) 0.65 (0.09) 0.67 (0.03) 
-----------------------------------------------------------------------
*: mean of four, except 85/3 and 85/5, n=17, 85/4, n=11. 
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6.2.3 Chemical Analysis: N-15 
After tit.ration to determine total nitrogen, the samples were 
acidulated and evaporated to dryness (Section 5.2.3), The duplicate 
wood samples were analysed 'for N-15 separately. The other duplicates 
l-.rere combi ned. 
AliqLlots containing 200-300 J..tg 1\1 were tt-ansferred to vials and 
sent to Waikato University for isotope ratio analysis. 
6.2.4 Calculations 
The total nitrogen results are presented as nitrogen 
concentration on an oven dry weight basis with the eNception of fine 
roots which are on an ash free basis. 
The percentag~ recovery of applied fertilizer for each tree 
component can be calculated from 
nitrogen content. K percentage derived from fertilizer 
nitrogen appl ied 
or e:<panded 
X N A biomass (g) x 100 (c-b) 
(a-b) 
wt N applied (g) 
where a, b, and c are atom X N-15 for the fertilizer, unfertilized and 
fertilized samples respectively. The weight of nitrogen applied is 
90.16 and 30.05 grams for main and seasonal treatments respectively. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Total Nitrogen Concentration 
The general pattern was for trees fertilized with 90 g N to have 
slightly lower concentrations due to the dilution effect caused by the 
growth response (Table 6.4). The smaller lit trees accordingly have 
slightly higher values. However, none of the differences between 
treatments was significant (p <: 0.(5). Similarly the seasonal 
treatments show no significant differences with the eNception of fine 
roots <Table 6.5). The Autumn treatment had a significantly higher 
(p < 0.(5) nitrogen concentration in the fine roots than the other two 
treatments. This may be eNplained by the biomass of Autumn fine roots 
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being only 537 g, compared with 1073 9 and 953 9 for Spring and Summer 
treatments respectively (Table 3.7~ Chapter 3). 
Table 6.4 
Tree 
component 
Nitrogen concentration in tree components at the end of the 
experiment (Oct. 1984) for the main treatments. 
Control Single 3-Spli t 9--Spl it (SE) F' 
---_ ... --------_._.- /. oven dry ~<jei ght -- ...... --.... ~ ...... ----.. -----.. 
-----------------------------------------------------------------------
Foliage 
current 2,,02 1. 82 1.84 1.85 (0.072) 
l--year 1,60 1.50 1.46 1.62 (0.059) 
older 1. 16 1.11 1.11 1.20 (0.046) 
Twigs 
current 1.56 1. 47 1.47 1.53 (0. (72) 
I-year 0.52 0.47 0.48 0.52 (0.030) 
older 0.33 0.29 0.27 0.29 (0.019) 
Stem 
-lower, \"-IQod 0.17 0.15 0.15 0.17 <0.(09) 
bat-k 0.62 0.61 0.60 0.69 (1),031 ) 
Roots 
coarse Ou33 0.31 0.29 0.29 (0.018) 
fine* 1 tI 03 0.99 0.91 0.95 (0.056) 
* concentration expressed on an ash free basis. 
(BE): standard error. 
0.227 
0.169 
0.421 
0.770 
0.563 
0.300 
0.344 
0.241 
0.467 
0.454 
p probability of treatment differences according to ANOVA. 
Concentrations decrease with increasing age of foliage and twigs. 
These concentrations are similar to published values for radiata pine 
(Stewart et ala 1981) ~ al though for 1'-IQody components they tend to lie 
at the upper end of the range because of the young age of the trees 
(Madgwick et. a.l. 1977), There is a dearth of information on nLltrient 
concentrations in radiata pine roots (Madgwick 1985). In an early study 
Will (1986) reported 0.221. N for roots <3 mm. Recently Clinton (1986) 
has given a value of 0.451. N for roots <2 mm: These two studies were in 
18 and 14-yeat--ol d stands respecti vel y, The higher val ues reported in 
Table 6.4 may be a result of stand age, methodology, time of sampling, 
or site fertility. Nambiar (1984b) cites unpublished data showing 
concentrations of 1.15 - 1.35% N in fine ~-oots of 12-year-old radiata 
pine in autumn. These and the values reported above are in reasonable 
agreement ,with published data for a variety of tree species (see 
Kimmins and Hawkes 1978). 
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Table 6.5 Nitrogen concentration in tree components at the end of the 
experiment (Oct. 1984) for seasonal treatments. 
Tree 
component 
Foliage 
cLlt-rent 
I-year 
older 
Twigs 
current 
I-year 
older 
Stem 
lower, 
Roots 
coar-se 
fine # 
('Jood 
bark 
Control* Autumn Spring Summer (SE) 
-------------- % oven dry weight --------------
2.02 1. 99 1. 95 1.93 <0.071) 
1.60 1.70 1.54 1. 54 (0.074) 
1. 16 1.23 1.09 1.07 <0.(80) 
1. 56 1. 64 1. 52 1. 73 <0.130) 
0.52 0.52 0.45 0.49 (0.019) 
0.33 0.33 0.30 0.29 <0.(26) 
0.17 0.18 0.16 0.15 (0.007) 
0.62 0.64 0.60 0.59 (0.043) 
0.33 0.36 0 34 0.31 (0.010) 
1.08 1.20 1.02 1.05 (0.031) 
* Control, mean of four, reproduced for comparison. 
# concentration expressed on an ash free basis. 
(SE): standard error. 
F' 
0.862 
0.367 
0.425 
0.587 
0.188 
0.645 
0.158 
0.731 
0.116 
0.049 
p probability of treatment differences according to ANOVA. 
Analyses of variance between nitrogen content in all tree 
components generally showed no significant diffel~ences <Table 6.6 and 
6.7). This was not surprising, given the variability evident in the 
data. Accordingly a co-variance analysis was run, using initial D2H to 
remove the effect of tree size and, by implication, initial nitt-ogen 
content. For thi s anal ysi s the seasonal treatments were pool ed whi ch 
was deemed valid given the non-significance in Table 6.7. The adjusted 
mean nitrogen content for selected tree components is given in Table 
6.8. It was interesting to note from the co-variance analysis that 68% 
of the variation in above ground nitrogen content was explained by the 
t-egression with D2H. In contrast only 2% of the below ground variation 
was eHplained. This supports the contention in Chapter 3 that shoot 
growth is to a large e){tent dependent on initial tree size whereas 
roots are not. Clearly the use of co-variance analysis for below ground 
components was inappropriate but was performed to maintain 
compat-abi 1 i ty. 
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Table 6.6 Nitrogen content in tree components at the end of the 
experiment (Oct. 1984) for the main treatments. 
Control Single 3-Split 9-Split (SE) p 
9 N ---------------------
Foliage 
cLit-rent 3.1 2.8 2.8 ..... C" £ • ...J (0" 45) 0.833 
1-year 25.1 29.9 31.8 2'7.6 (2.51 ) 0.308 
older 6 ",' .;J 6.6 7.5 5. 1 <0.58) 0.081 
Twigs 
cLlrrent ~S. 0 3.1 3.4 3.1 <0.27) 0.6'70 
1-year :3.7 4.4 4.4 4.6 (0.53) 0.657 
older 2.4 2.8 2.8 2.3 CO. 51) 0.911 
Stem 
1-yeat-* 1 " .L 1.1 1.6 1.5 (0.23) 0.3'70 
I'mod . .., c:, .-::. •. ;J 2.5 2.7 2.6 (0.23) 0.812 
bark 1.8 2 .. 1 2.0 2.3 (0.19) 0.529 
Above ground 49.3 55.3 59.0 51.7 (4.42) 0.456 
Roots 
rootstock# 2.0 2.6 2.1 2.9 (0.23) 0.069 
coarse -:r f") '.~' II .L.. 4.9 4.5 4.5 (0.48) 0.126 
fine 7.8 14.3 15.8 12.1 (1.37) 0.007 
Below gl~ound 1~;. 0 21.8 22.4 19.5 (1. 59) 0.005 
TOTAL 62.4 77.1 81. 7 71.2 (4.97) 0.086 
-----------------------------------------------------------------------
(SE): standard error. 
p probability of treatment differences according to ANOVA. 
* estimated using X N value from 1-year twigs. 
# estimated using weighted mean of X N for stem wood and bark. 
There was a marked increase in total ni trogen content for the 
main treatments which \,laS particularly pronounced below ground (Table 
6.8). The seasonal treatments only showed an increase below ground in 
accordance with their biomass response (Chapter 3). There waS a large 
pool of nitrogen in the fine roots, with the main treatments having 
about twice the content of Controls. The major site for nitrogen 
accumulation above ground was in the 1-year foliage; about 40% of total 
tree nitrogen occurred there. 
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Table 6.7 Nitrogen content in tree components at the end of the 
experiment (Oct. 1984) for seasonal treatments. 
Control 1 Autumn Spring Summer (SE) P 
--------------------- 9 N ------------~---------
-----------------------------------------------------------------------
Foliage 
current 3.1 2.9 3,,5 1.7 (0.67) 0.298 
1-year 25.1 21.6 28.8 ..,.., '< .:....:... -..I (4.49) 0.529 
older 6.5 4.4 5.9 5.1 (1. 12) 0.649 
T~"i gs 
current 3.0 3.5 3.4 2. 1 W.88) 0.124 
1-year 3.7 '< "r. 
'_'. 'J 3.0 2.9 (0.44) 0.800 
older 2.4 2. 1 2.3 ..., ~ ..:.. • • ,J (0.70) 0.970 
Stem 
l-year* 1.2 0.8 1.3 0.5 <0.27 ) 0.276 
lower wood 2.5 2.0 2.2 1.7 (0.17) 0.274 
bark 1.8 1.8 1.6 1 a 2 <0.16) 0.332 
Above ground 49.3 4205 52.3 40.0 (7.18) 0.520 
Roots 
rootstock# 2.0 1.8 2.0 1.6 <0.39) 0.769 
cO"U-Se 3.2 3.5 4.6 3.8 <0.86) 0.680 
fi ne 7.8 7.9 12. 1 11.5 (2.13) 0.428 
Below ground 13.0 13.2 18.8 16.9 (2.88) 0.475 
TOTAL 62.4 55.7 71.1 56.9 (10.01) O. 
-----------------------------------------------------------------------
(8E): standard error. 
p : probability of treatment differences according to ANOVA. 
: control reproduced for comparison. 
*~#,: as in Table 6.6. 
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Table 6.8 Nitrogen contents in selected tree components, adjusted for 
initial tree size differences. 
-----------------------------------------------------------------------
Tree Main treatments (SE) * Seasonal (SE)# 
component Control Single 3-Spl it 9-Spli t tl~eatments P 
-------------------------
g N ------------------------
-----------------------------------------------------------------------
TOTAL 61. 38 76.10 76.88 74.35 (3.35) 64.92 
Above 48.4';' 54.47 55.05 54.39 (2.59) 48.08 
ground 
Below 12.89 21.63 21.83 19.96 (1.65) 16.84 
ground 
l-yeat- 24.59 29.41 29.47 29.17 ( 1. 58) 26.06 
foliage 
Coarse 3.20 4.87 4.39 4.63 (0.48) 4.11 
roots 
Fine 7.69 14.22 15.48 12.32 (1. 42) 10.79 
roots 
(SE> * = 
(SE)#: 
standard error far main treatments, n=4. 
standard error for seasonal treatments, n=6. 
(2.73) 0.010 
(2.11> 0.139 
(1.34) 0.006 
(1. 29) 0,119 
(0.39) 0.180 
(1. 16) 0.012 
p probability of treatment differences according to ANCOVA. 
The data for the Control trees (Table 6.6) were converted to an 
areal basis using the compartment planting rate of 2250 stemslha (Table 
6.9). The nl trogen contents compare favourabl y I"i th trees grown at 
Kaingaroa (Madgwick et al. 1977), and are considerably greater than the 
same aged trees an sand dunes at Woodhi 11 Forest (Gadgi I 1976, 1979). 
The level reported in Table 6.9 is nat achieved at Woodhill until 
between age 4 and 5. This is not sw-prising, given that the Woodhill 
site is first rotation, and Bottle Lake third rotation. Slightly 
younger trees at Mount Gambiar (32 months) had above ground contents of 
54.5 9 Nltree (Fife and Nambiar 1982). These trees were growing on a 
fertile site and had also received 32-35 g N/tree. The contents are 
higher than the 49.3 9 Nltree in the Controls in this study. Because of 
the closer spacing of the Mount Gambiar trees, the areal figure is much 
larger at 242 kg N/ha. 
During the early years prior to canopy closure and a cycling 
of nitrogen through litterfall, there is a reliance on uptake from the 
soil. The net annual uptake of nitrogen into above ground components of 
radiata pine at Kaingaroa Forest between age 2 and 4 has been estimated 
to be 62 kg Nlha (Madgwick d al, 1.977). A comparative figure was 
calculated for Battle Lake by estimating the initial nitrogen content 
of Contl-ol trees in August 1983, at age 2 (Appendil{ 12). This was 
11.7 9 Nltree for above ground components only. The uptake from August 
1983 to October 1984 was therefOl~e 37.7 g tvtree. This is a slight 
liEI 
overest i mate as an annual uptake figure, because the new season's 
growth had commenced by October. If half of the nitrogen in the current 
flLISh is assumed to have come from the soil rather than internal 
retranslocation, then the uptake between age 2 and 3 was 34.7 g N/tree, 
which is equivalent to 78 kg N/ha. 
Table 6.9 Nitrogen content of unfertilized trees at Bottle Lake (Oct. 
1984) at age 3.1 years. 
Tree component 
Fol i <.l_ge 
T~'1i gs 
~:;tem 
Abc,ve ground 
Below ground 
TOTAL 
kg N/ha 
78 
20 
13 
111 
29 
140 
Uptake of applied fertilizer may be calculated from Table 6.8 by 
using the difference method. The results of these estimates are given 
later in Section 6.3.5 where they are compared with the N-15 
recoveries. 
6.3.3 N-15 Uptake: Proportion of Nitrogen Derived From the Fertilizer. 
Tables 6.10 and 6.11 show the percentage of nitrogen derived from 
the fer-tilizer (:t. 1\ldff) for the main and seasonal treatments, and the 
results from analyses of variance. The higher values in Table 6.10 are 
due to the higher rate of nitrogen applied (90 g v 30 g N). The 
similarity between the main treatments is striking <Table 6.10). Tile 
differences between tree components are small with the exception of 1-
year foliage at >301. and fine roots at 171.. There are, however, some 
trends: both foliage and twigs have the highest valus in I-year 
material. Current material is intermediate in value and the older 
material lowest. There is a decrease from stem to coarse to fine roots. 
For the seasonal treatments (Table 6.11) the patterns are similar 
except that the fine roots are not lower than other components. There 
is an interesting trend for foliage and, to a lesser extent, twigs 
between seasons o-f application. ~Jhen the -fertilizer was applied in 
autumn there was only older foliage as a sink, and the :t. NdH was 
highest in this treatment. In summer the new foliage (i-year) I'las 
e:-:panding and I'las a more important sink than the older foliage. This 
trend is statistically significant (p<O.05) between ALltumn and SLImmer 
for current and older foliage. 
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Table 6.10 Proportion of nitrogen derived from the fertilizer in tree 
components at the end of the experiment (Oct. 1984) for 
the main treatments. 
Single 3-Split 9-Split (SE) P 
---------------- (X) Ndff ------------------
Foliage 
current 27.7 25.6 25.9 (1. 6) 0.608 
I-year 30.4 32.0 30.4 (2.7) 0.888 
older 21.3 24.7 21.9 (2.9) 0.689 
Twigs 
current 2.31l2 26.0 26.7 (2.2) 0.526 
I-year 26.1 27.0 27.0 (2.2) 0.940 
older 22.4 25.0 24.7 (2.2) 0.669 
stem 
wood ::::3.2 23116 25.5 (1. 9) 0.683 
bark 24.7 25.5 25.5 (2.3) 0.961 
Roots 
coarse 22.1 22.5 2.3.5 ( 1.8) 0.844 
fine 16.2 17.0 17.0 (2.4) 0.962 
(SE): standard error. 
p probability of treatment differences according to ANOVA. 
Taable 6.11 Proportion of nitrogen derived from the fertilizer in tree 
components at the end of the experiment (Oct. 1984) for 
the seasonal treatments. 
Autumn Spring Summer (SE) P 
----------------- (X) Ndff -----------------
FoU age 
current 7.8 9.2 1 " co L.w (1. 0) 0.096 
l--year 10.4 12.8 14.3 (1. 1) 0.190 
older 13.1 8.9 7 ? (1. 0) 0.054 
1I'Iigs 
current 8.0 9.2 12.4 ( 1.2) 0.169 
I-year 9.2 10.3 11.7 (1. 3) 0.516 
older 9.5 9.6 9.4 ( 1. 1) 0.988 
Stem 
wood 8.7 8.8 9.4 (1. 0) 0.863 
bark 10.2 9.9 10.8 (1.3) 0.884 
Roots 
coarse 9.0 9.3 9.5 (0.9) 0.936 
fine 9.0 7.3 8.5 ( 1. 0) 0.542 
-----------------------------------------------------------------------
(SE): standard error. 
P = probability of treatment differences according to ANOVA. 
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Heilman et al. (1982b) compared autumn and spring applications of 
urea in 7-year-old douglas fir. They found the Ndff to be higher in the 
oldet- i:olia.ge on the a.utumn tt-eatment in agreement t,.ith the tt-end 
reported here (Table 6.11). They suggested that this might be related 
to the better growth response on this treatment rather than an 
"a.vailable sink" hypothesis as offered in this study. 
The X Ndff in the main treatments is not in proportion to 
the quantity of nitt-ogen applied~ i.e. 3:1. This might be due to the 
1 at-ger bi oma,ss o'f main tt-eatment tt-ees ra.ther tha.n an indication o·f 
greater uptake in the seasonal treatments. 
It is generally assumed that the greatest accumUlation of 
labelled nitrogen occurs in the more metabolically active tree 
components (Knowles 1975, Mead and Pritchett i975b, Worsnop 1978), The 
results in this are in general concurrence with this view; 
foI1;;'.ge having tlw highest la,belling, 1-year matet-ial hj,gher than 
older, and bark higl1er than \'iOod. There are, hm'lever, b'lo noticeable 
exceptions: the currant material and the fine roots are not the 
highest, even though they might be considered as the most active 
components at this early stage of the growing season. The ni in 
the new flush ly comes from retranslocation and also soil 
nitrogen. If retranslocation from the i-year 'foliage was the sale 
source, a similar enrichment of N-i5 would be el<pected (c.f. aLltLtmn 
shoot data, Chapter 5), The lower labelling indicates dilution by a low 
enriched nitrogen source, such as from the soil Dr fine roots. Mead and 
Pritchett (1975b) also found the current flush to have a slightly lower 
~{ r'~dff. They used thi 5 to SUppot-t thei r contenti on that thelre was 
limit~:d uptake o·f ni ft-om the fertilizel'" in the ':;econd tjt-owing 
season. In contrast, Ntlmmik (1966), \'KiI'"king \'lith '"cots pine, found t.hli? 
hi labelling in the cW-t-ent needles i:?ven ai:ter- three glrowing 
seasons. However, in a more recent study with scot.s pine, Melin et al. 
(1983) report the same foliar trends as in Tables 6.10 and 6.11. 
The Ndff in fine r-oots 'for the main tt-ed.tments is 17% (Table 
6.1.0). This is compared l'Jith a peak of 30'%. in FebrLlary (Fi.gw-e 5.6b~ 
5). At this time the ,foliage t'Jas at :55 .. -lj·Oi~ Ndff (Figure 5.4a, 
Chaptet- 5), Cleady the decline in fine root labelling has been mLlch 
more dramatic than in the foliage. This decline is probably the result 
of dilution by lower enriched nitrogen. The pool of fertilizer derived 
ammonium was declining by February and the added N-15 may be assumed to 
be reaching equilibrium with the soil nitrogen (Chapter 5). Uptake from 
then onwards would be of soil nitrogen at a low enrichment, the 
fel'"tilizet- N-15 having been immrjbilized and become pay"t o·f the large 
soil ni pool. If the large fine root biomass was primarily formed 
after the. major foliar flush (Chapter 3), then the considerable 
accumulatirjn of nitt-agen <Ta/"jle 6.6) would be of a low enrichment and 
cause the relatively low figures in Table 6.10. For the seasonal 
treatment, where the response in fine root biomass was not so dramatic 
(Chapter .3) the Ndff fine t-oots is not mat-kedly lm'ler than othelr 
components (Table 6.11). 
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6.3.4 !:!-15.JJ.I;Ltake - TreEl Recqvery 
The total tree recovery for both rates of nitrogen (30 and 
90 9 N/tree) was about 201. (Table 6.12 and 6.13). The major sink was 
the 1-yeal~ folia,ge, where abOLl't 10'!. of the applied ferti lizer l'laS 
found. Fine roots contained (31., and most other tree components (11. of 
that applied. Analyses of variance shD1'led no signi-ficant dif'ferences 
between treatments. 
Table 6.12 Fertilizer recovery in tree components at the end of the 
e>:periment (Oct. 1984) for t.he main treatments. 
Single 3-Spli t 9'-Spl it (SE) P 
--------_ .... 1. of applied (90 9 N) ~---- ............ ----
-----------------------------------------------------------------------
Foliage 
current 0.8 (l.8 0.7 <0,12) 0.831 
1-yeal~ 9.8 11.4 9.2 <0.98) 0.319 
older 1.5 2.1 1.2 <0.29) 0.136 
Twigs 
curTent 0.8 1.0 0.9 (0.10) 0.492 
l-yeat- 1.2 1.3 0.9 (1).10) 0.678 
01 del~ 0.6 0.7 0.6 <0.10) 0.660 
stem 
I-year 0.3 0.5 0.4 <0.(9) 0.395 
lower wood 0.6 0.7 0.7 (0.08) 0.589 
10i'ler bark 0.5 0.6 0.6 (0.06) 0.720 
Above ground 16.4 19.2 15.8 (1. 56) 0.311 
Roots 
stock 0.6 0.5 0.7 (0, (7) 0.119 
coarse 111 2 1.1 1.2 <0. 17) 0.961 
fine 2.6 2.9 2.1 (0.54) 0.407 
8eloi'! ground 4.4 4.6 4.1 (0.54) 0.540 
TOTAL 20.8 23,,8 19.9 (1. 99) 0.392 
-----------------------------------------------------------------------
(SE): standard error. 
p probability of treatment differences according to ANOVA. 
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Table 6.13 Fertilizer recovery in tree components at the end of the 
experiment (Oct. 1984) for the seasonal treatments. 
Autumn Spring Summer (SE) P 
--_ ..... _----_ ..... _-- I. of applied (30 9 N) ----------
-----------------------------------------------------------------------
Foliage 
cLlt-rent 0.7 1.1 0.7 (0.24) 0.527 
I-year 7.6 12. 1 10.6 (1. 68) 0.299 
older 1.9 1.7 1.2 (1).26) 0.255 
T~'li gs 
current 0.9 1.1 0.9 (0.11) 0.523 
I-year 1.0 1..0 1.1 (0.03) 0.138 
01 det- 0.7 0.7 0.7 (0.15) 0.975 
Stem 
i-year 0.3 0.4 0.2 <0.(9) 0.290 
lowet- woad 0.6 0.7 0.5 (0.04) 0.248 
101'ler bark 0.6 0.5 0.4 (0.05) 0.239 
Above gt-oLtnd 14.3 19.3 16.3 (2.09) 0.361 
Roots 
stock 0.5 0.6 0.5 (I). 10) 0.685 
coarse 1.1 1.4 1.2 <0.24 ) 0.615 
fine 2.3 2.9 3.3 (1).71) 0.677 
Below ground 3.9 5.0 4.9 <0.97) 0.719 
TOTAL 18.3 24.3 21.2 (2.86) 0.435 
-----------------------------------------------------------------------
(BE): standard error. 
p probability of treatment differences according to ANOVA. 
Initial tree size was considered to be one factor in determining 
uptake and resL!lting in the wide range of individual tree recoveries 
(15-321., Appendix 3). There was a positive correlation between initial 
D2H and tree recovery (r=O.62 significance, P=O.003). Accordingly a co-
variance analysis was run using initial D2H to remove the effect of 
variable initial tree sizes (Table 6.14). The seasonal treatments were 
pooled and included in this analysis. 
The adjusted means became even mare similar. The total tree 
recovery was within the range reported for other field stUdies (Table 
6.2). In particLllcu-, the results agree with the often quoted figure of 
201. (Mead and Gadgil 1978, Melin et al. 1983, .:::nowles 1975). It is 
clear that regardless of season, rate, or the splitting of the 
application, the tree recovery of fertilizer was the same. 
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Table 6.14 Fertilizer recovery in selected tree components, adjusted 
for initial tree size differences. 
1'13in treatments Seasonal Tt-ee 
component Single 3-Split 9-Split (BE)* 
--------------------- % of applied 
treatments (SE)# 
TOTAL 20;&5 22:15 20.6 (1. 71 22a 1 
Above 
ground 16.1 18.2 16.4 (1, :3) 17.4 
Below 
gt-ound 4.4 1+.:2; 4 '? <0.5) 4.7 
I-year 
folial;je 9.6 10.7 9.6 <0.9) 10.6 
Coar'se 
roots 1.2 i,1 1 ? <0.2) 1 'J . "-
Fine 
roots "' [:" "'::'lIW 2.7 2113 (0.4) .3.0 
(BE)': standard error for main treatments (n=4). 
(SE)#: standard error for easonal treatments (n=6). 
(1. 4) 
(1. 1) 
<0.4) 
<0.8) 
(0. 1 ) 
<0.3) 
P 
0.753 
0.669 
0.888 
0&1753 
0.978 
0.507 
p probablity of treatment differences according to ANCDVA, 
with initial D2H. 
Ur'ea can appat-ently be applied as efficiently in autumn as in 
early summer, even though climatic conditions and tree growth patterns 
are very different. Higher temperatures and a rapidly expanding foliage 
biomass in December had no beneficial effect on uptake. This tends to 
contradict recommendations made for applying nitrogen during periods of 
I'-apid cr-m'ln e:·:pansion (/"Iead and Gadgil.l 1978). Hm'lever, Ballat-d (1r.t84) 
agrees that season per se probably does not determine the effectiveness 
of urea, but that associated climatic conditions will affect losses. 
Pritchett (1979) suggests that the season of application may have 
little influence on fertilizer effectiveness in moderate climates. Even 
in hat-shet- climates; ~'lhelre applic.3tions timed to coincide with root 
glrowth at-e pal--ticularly impot-tant, it is generally aglreed that the 
season o·f appl i cation has 1 ess inf 1 uence on ferti 1 i zer effecti veness 
than might be expected (Viro 1970). 
The same recovery at rates of 30 and 90 9 N/tree (equivalent to 
50 and 150 kg t'Uha) i.s in aglreement ~'li th the resul ts of t1ead ."\rId 
Pdt.chett .(1975b) viho used 56 and 224 kg N/ha applied to sla.sh pine. 
Lower tree recoveries with increasing rate are usually only apparent at 
vet-y hi.gh Irates n·1illet- et .:11. Fn6). 
The trees were unable to uti.lise smaller, more frequent doses any 
mOire eHiciently than a single application. The similarity beb'leen 
seasons suggests that for each split application approximately 20% is 
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utilised by the tree. Apparently there are one or more factors limiting 
the trees' ability to utilise a pool of added nitrogen, for example, 
rooting density of young pines; 
- sink size for uptake, storage and utilisation; 
- competition for ammonium from the microflora; 
- leaching. 
Discussions of the qu.estions "lAlhy only 20%?1I and "Why Single 
equals Split?" is given in Chapter 8, following the presentation of the 
sail recovery data in Chapter 7. 
6.3.5 Comparison of Fertilizer Recovery by the Difference and N-15 
Methods. 
Most workers ~sing the difference method to calculate fertilizer 
recovery report the problem in assuming that all the additional. 
nitrogen is actually derived from the fertilizer (e.g. NOmmik and 
Mbller 1981), Some N-15 papers report a priming effect (see Chapter 5) 
and attempt to quantify it (e.g. Heilman et al. 1982a, Nambiar and 
Bowen 1986). However, separate estimates of total tree uptake based on 
the difference and N-15 methods are rarely reported. This may be due to 
the use of N-15 to overcame somEl of the difficulties associated with 
the difference method. For eHample Mead and Pritchett (1975b) found 
that total nitrogen contents were not significantly influenced by 
fertilizer. Melin et al. (1983) did not include a control treatment in 
their e:<periment. Some studies in agricultural systems have compared 
the twa methods, often ~"ii th a view to quantifying the priming effect 
(e.g. Westerman and Kurtz 1973). 
The two methods have been compared in this study in order to 
ascertain their relative merits, to check some of the assumptions made 
in using N-15 (Hauck and Bremner 1976), and to serve as an insight into 
some of the nitrogen processes in the soil-plant system. Uptake by the 
di ffet-ence method was calr.:ul ated as the di fference between nl trogen 
contents in fertilized and Control trees as a percentage of the 
nitrogen applied. The data in Table 6.8 were used and the results are 
presented in Table 6.15 along with the N-15 recoveries from Table 6.14. 
Standard errors far adjusted means and the difference between adjusted 
means were calculated according to Steel and Torrie (1981, p.416). 
If the actual ni trogen contents (Table 6.7) had been used to 
calculate uptake by the diHerence method, there would have been a 
number of apparently negative values. The use of co-variance analysis 
to remove initial tree size differences has resulted in better 
estimates, although there is still one anomalous figure (Table 6.15). 
The di fference method is al so encumbered wi th 1 al'"ge standard errors, 
particularly for the seasonal treatments. The advantage of using N-15 
is clearly evident in its lower variability. 
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Tabl e 6.15 Comparison of fertilizer uptake calculated by the N-15 and 
difference methods. 
---------------------------------~--------------------------------------
TI'"€?e Method Single 3-Spli t 9-Split (SE)' Seasonal (SE)# 
component 
------------------
I. of applied ------------------
-----------------------------------------------------------------------
TOTAL DIFF 16.3 17.2 14.4 (5.3) 11.8 
N--15 20.5 22.5 20.6 (1. 7) 22.1 
Above DIFF 6.6 7.3 6.5 (4.1) (-1.4) 
ground N--15 16. 1 18.2 16.4 (1. 3) 17.4 
Below DIFF 9.7 9.9 7.8 (2.7) 13.1 
ground N-15 4.4 4.3 4.2 (1).5) 4.7 
i-year DIFF 5113 5.4 5.1 (2.6) 4.9 
foliage 1\1-15 9.6 10.7 9.6 (0.9) 10.6 
Coarse DIFF 1.8 1.3 1.6 (1),7) 3.0 
roots N-15 111 2 1.1 1.2 (1).2) 1.2 
Fine DIFF 7.2 8.6 5.1 (2.4) 10.3 
I~oots N-15 2.5 2.7 2.3 (0.4) 3.0 
{SEI': standard error for main treatments n=4. 
(SE)#: standard error for seasonal treatment n=6. 
DIFF {. recovery according to the difference method. 
N-15 : X recovery according to the N-15 method. 
(13.2) 
( 1. 4) 
(9.9) 
( 1.1) 
(6.9) 
(0.4) 
(6.6) 
(1).8) 
(3.4) 
(0,1) 
(6. 1 ) 
(1).3) 
The main interest, however, in Table 6.15, is the difference in 
uptake estimates between the two methods. The N-15 method suggests a 
greater recovery of fertilizer in the total tree. This might be 
e:<plained as fertUzed trees not utilising the available native soil 
nitY-ogen or a depressed availability of native soil nitrogen on 
fertilized plots, called a negative priming effect (Hauck and Bremner 
1976, l.Jesterman and Tucker 1974). This trend is accentuated for the 
above ground components, e.g. I-year foliage. This corroborates the 
observed pattern for individual needle nitrogen contents described in 
the previous chapter. 
The opposite trend is noted below ground, particularly for the 
fine roots. On fertilized trees this component represents a large 
nitt-ogen pool, especially in relation to Controls <T8.ble 6.6). 
Consequently, the difference method estimates a large recovery of 
applied fertilizer in fine roots. This is at variance with the N-15 
estimate. If we assume the N-15 estimate is valid, then the additional 
4 grams in fine roots of fertilized trees has come from the native soil 
nitrogen pool. This could be due to the fertilizer promoting the 
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miner.::dization of native sail nitrogen (a pnmIng effect) by microbial 
means (Westerman and Kurtz 1973'J or by a chemical action (Laura 1975). 
It could also be at-gued that the large fertilized trees utilised a 
larger, constant sail nitrogen pool mare efficiently (Fried and 
Broeshart 1974) or that fertilized trees exploited a larger volume of 
sail (Nambiar and Bowen 1986). The priming effect explanation (by 
whichever means) seems unlikely becaLlse this is only evident below 
ground, and a possible transitory effect observed in the foliage satin 
dissipated (Chapter 5). The argument for fertilized tree roots 
eHploring a greater volume of sail is plausible but tempered by twa 
observations. Firstly the plat volume was identical for all treatments, 
and secondly a large quantity of roots were found encircling the 
plastic. 
There is a further explanation, which takes into account the 
duration of an available N-15 pool in the sail and the seasonal growth 
of the tree. There is some evi dence that fertil i zer ni trogen was no 
longer readily avaiL.'l.ble by March 1984 (Chapter 5), i.e. it had been 
drawn into the organic phase of the nitrogen turnover system. 
ConseqLlsntly any uptake in mid to late 1984 would be of ammonium 
mineralized from a large soil or'ganic nitrogen pool of which only a 
small portion is likely to be labelled. If fine root growth occurred 
later in the season, this could e:<plain the lower N-15 enrichment 
(Section 6.3.3). Alternatively there may have been a substantial 
tUf"nOver of fine roots withoL\t a high degree of retranslocation into 
new fine roots. No estimates of fine root turnover were made. It should 
be noted that a large proportion of the fine roots have been suberized~ 
and it is usually the finest roots that undergo a rapid turnover. It 
seems likely therefore that the bulk of the response to fertilizer in 
the fine roots occurred after the readily available N-15 pool had came 
to an equilibrium. This contention supports the view that major periods 
of growth in root and shoot, within the year, are episodic (see Chapter 
3) • 
6.3.6 Accuracy of Estimates 
The total ni trogen anal ysi s I-las shown to be both accurate and 
precise. Above gr"ound biomass was determined by complete sampling. 
Provi ded that representati ve subsamp I es were taken, the esti mates of 
nitrogen content should be accurate. The sampling of only half the plat 
for coarse annd fine roots was deemed adequate as any slightly 
assymetrical root systems would be e:<pected to cancel aut across a 
treatment. 
The N-15 samples were only analysed in duplicate for the stem 
wood. The precisian level (% dif·ference relati ve to the mean) varied 
from 0.6-5% compared with 0.7-2.6% for total nitrogen. Care was taken 
to critically assess N-15 results in comparison with ather samples, 
e. g. some trees had lO\'Jer atom % values which were consistent across 
tree components. Results which appeared dubious were reanalysed. 
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The estimates of fertilizer recovery within the tree were 
considered to be accurate within the bounds of the sampling procedures. 
In this two main factors are considered: 
(i) the use of single tree plots when in ice fertilizer is 
utilised by a stand of trees. 
(ii) the arbitrary definition of where roots interface with the 
soil. 
Isolated single tree plots have usually been used in N-15 field studies 
(Paa.vil~.inen 1973, Bjorkman et al. 1967, Heilma.n al. 1982b, Melin 
t=·t al. 1983) to overcome the pt-oblem o·f acounting ·for uptake by 
surrounding trees (Mead and Pritchett 1975b), and the utilisation of a 
larger soil volume by trees responding to fertilizer (Nambiar and Bowen 
1986), Recently, tIle advantages of mot-e natural stand conditions have 
been achieved by uSlng lat-ge (113 m2 ), root isolated plots containing 
,::,everal tlre[~s (NC:~mmik pet-s.comm.}, It can be ar'gued that single tree 
root isolated plots give an artificially low rooting density with 
implications for efficient use of fertilizer. Indeed, the multiple tree 
plots cited .=tbove have given some of the highest estimates of tree 
recovery (Table 6.2). 
The problem of utilisation 
totally eliminated by lateral 
<1982b) used plots isol·3ted to 
by surrounding trees is unlikely to be 
isolation of roots. Heilman et al. 
a depth of 45 cm and consi det-ed that 
some of the unaccounted for fertilizer may have been removed by roots 
of adjacent trees. 
The dense mat of plot tree roots around the plastic has already 
been noted (Chapter 3). It was also evident that surrounding trees had 
formed a nJot mat on the "outside" of the plastic wi th fine roots 
inter-mingling lI.Jith plot tree F"Oots at the base of the pla·::;tic (Figw-e 
:5.2). Accm-dillgly the i-yeat" foliage o·f trees within one metre of 
Single tt-e·3tment plats l'Ia5 sampled at the end of the el<periment, and 
analysed for N-15. The height and diameter at the base of these 
surrounding trees were measured to estimate biomass (Appendix 13'. The 
Si ngl e tn~a.tment I-laS chosen because leaching of fet-ti I i zer bel 0\<1 the 
depth of the plastic was mast evident in this treatment (Chapter 5), 
Approximately 1.5X of the fertilizer applied to each Single 
treatment plot was utilised by surrounding trees (Appendix 14). Clearly 
the root isolation was quite effective and this small additional ke 
should not be a factor confounding the preceeding treatment analyses. 
The results have been presented on a per tree basis. This 
no pt-oblems above groLlnd, but the definition of the tree's 
below grou.nd components is mot"e equi vocal, All roots I-lere colI ected 
within th.? limitations of field sampling and the sorting 
( 3), No attempt was made to quantify mycorrhizal fungal biomass 
(c.f. Fogel and Hunt 1979). Mycorrhizal roots and mantles were included 
in the fine root sample. Fungal ing the soil were assumed 
to be included in the soil sampling. It was possible that a 
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"rhizosphere pool of nitrogen" was not adequately sampled by these 
methods. Accordingly the "sieved sand" collected when separating coarse 
and fine roots (Figure 3.4) was analysed for N-15. The N-15 enrichment 
was slightly greater than for the 0-10 cm soil sample, and about half 
of that for fine roots. The fertilizer recovered within this sieved 
sand was negligible. The methods were concluded to be sufficient to 
sample the root/soil zone for fertilizer recovery. 
The only error possible for above ground was the removal o·f 
significant amounts of fertilizer in the intensive foliage sampling 
scheme. The amount removed was negligible. 
CHAPTER 7 
RECOVERY OF FERTILIZER WITHIN THE SOIL PROFILE 
AND IMPLICATIONS OF LOSSES 
'7.1. INTRODUCTION 
1.29 
In the previ ous chapter' it was shown that about 20i~ of the 
applied fertilizer was in the trees. A minor amount was shown to have 
volatilized, and thet-e was an indication of leaching, particularly on 
the Single treatment (Chapter 5). This chapter details the quantity of 
fertilizer that could be accounted for in the soil profile at the end 
of the experiment and discusses some of the implications. 
The retention of fertilizer nitrogen within the soil system may 
not be so important tor tree growth, if it is primat-ily of benefit to 
the tree, not to the si te (Mi 11 er 1981). However, wi th the increased 
use of fertilizers in forests, there has been concern that leaching may 
reduce water qual i ty (Tamm et al. 1974, Neary and Leonat-d 1978). The 
principal concerns are eutrophication of watet- courses and elevated 
levels of nitrate in drinking water (Sands 1984). 
There is usually a large spatial variability in the soil nitrogen 
content (Keeney 1980). The amount of nitrogen fertilizer added is 
usually small in relation to the total pool. It is therefore difficult 
to esti mate ferti 1 i zer recovery by the di fference method (N6mmi k and 
MOller 1981). The use of N-15 therefore has been particularly useful in 
tracing soil nitrogen pools following fertilization (Jansson 19711. 
However, one drawback of this method is the uncertainty surrounding the 
extent of isotope exchange processes which may overestimate recovery in 
the soil (~1elin et al. 1983). 
7.2 METHODS 
7.2.1 Field Sampling 
At the end of the experiment, just prior to the tree harvest. the 
soil was sampled to a depth of 90 cm. An Idaho Sand Auger (Ld.90 mm) 
was used to collect sequential cores from 0-10, 10-30, 30-50, 50-70, 
and 70-90 cm depth. Three of these horizons cover the depth to whi.ch 
the lysimeters were placed (20, 40 and 80 cm). On each plot six random 
cores were·taken and bulked by depth. 
A bulk density sampler with volume 114 cm 3 I"as used to collect 
samples from the horizons specified above. Two samples per plot were 
tc.~ken ft-om the surface horizon. After the roots were e:<cavated, a 
vertical profile was available to sample into (Plate 3.3), and at least 
one sample per plot was taken at 20, 40, 60 and 80 cm depths. 
The bulk densi ty samples l'Iel~e oven dr-ied at 1030 C and then 
weighed to the nearest milligram. 
The bul ked soi 1 samples wel~e ai r dri ed and subsequentl y spl it 
using a dividet- to give appro:dmately 500 g samples. These I'lere dry 
sieved (0.5 mm) to remove roots. For the 10-90 cm samples the organic 
matter retained on this sieve was ground with a pestle and mortar and 
returned to the sand for thorough mixing. For the 0-10 em samples where 
most of the organic matter l'Ia5, it I'las necessat-y to grind the samples 
in a ring and puck mill to ensure good mixing. 
7.2.2,1 l\Iitroqen AnalY..§.is For the 0-10 cm samples, 0.5 g was 
digested and for the lower horizons, 2.0 g. The salicylic acid Kjeldahl 
modification was U5e~ (Bremner and Mulvaney 1982) and total Nand N-15 
determined as describ~d in Section 5.2.4.2. 
All samples were analysed at least in duplicate. The usual 
precision level was 3 X, i.e. the percentage difference between 
duplicates relative to their mean. Analyses were repeated if this value 
exceeded 5 'l.. A standard soil sample was obtained from Dr. L.G 
Greenfield and analysed \'1ith batches of soil sCl.mples. The agreement 
with his values was excellent. 
7a2.2.2 Ot-qanic fYlatter- Content Boil or-ganic matter- in each 
hor-izon I'las estimated, in duplicate, by 1055 on ignition at 4300 C 
(Davies 1974'. 5 g of ground and mixed sample were placed in a muffle 
furnace for 24 hours. Davies (1974) reported that this method gave very 
similar results to the wet oxidation method of Walkley and Black 
(1934). The precision level was 31.. The carbon content of soil was 
estimated from the organic matter content by using a conversion factor 
of 0.58 (Nicholson 1984). 
7.2.3 Calculations 
Ft-om the total-N , N-15, bul k densi ty and plot volume data the 
recovery of applied nitrogen was calculated: 
I. recovery of applied nitrogen -
nr 2 h l{ B. D. l{ 'l.N l{ 100 l{ (c - b) 
(a - b) 
g 1\1 applied 
where nr 2 h is the volume of the particular soil horizon, B.D. is 
bulk density) and eI, band c are atom % 1\1-15 in the fertilizer, 
unfertilized and fel~tilized samples respectively. Clearly there are 
many factors affecting the accuracy of this estimate, the appropriate 
volume of soil and bulk density being the two most critical (Khanna and 
Ult-ich 1984). 
7.3 RESULTS AND DISCUSSION 
The t.op 10 em has the highe·;t ni tt-ogen concentrations, ~"i th the 
values then decreasing down the profile (Table 7.1). There was 
apparently a good relationship between nitrogen concentration and soil 
organic matter content (S.O.M.1 in the 0-10 cm horizon (Table 7.2). 
Table 7,1 
Table 7.2 
Mean soil nitrogen concentration at the end of the 
e)·~pelr~ilIent <oct. 1984) fot- all pl.ots. 
Depth 0.::m) X N air dry weight (SE) F' 
0·-10 0.0637 (0. 00,~5) 0.274 
10--30 0,0191 (0.0009) 0.114 
30····50 O,l)lD (0.0004) 0.210 
50···70 0.0083 (0.000.3) 0.36:3 
70-,90 0.0067 (1).0001) 0.079 
(SE): standard error. 
p : probability of treatment differences according 
to ~'lNOVA. 
Mean nitrogen concentration and soil organic matter in the 
1)-10 em horizon at the end of the experiment (Oct. 1984) 
for all treatments. 
Treatment % S. O. 11. 
Cantt-ol 0.Ot)8 3.90 
Single 0.086 4.65 
~)-Spl it 0.047 2.89 
9-··pl i. t 0.084 4.79 
Autumn 0.040 2.41 
Spr·i ng 0.041 2.66 
Summer 0.053 3,81 
The relationship is formalised in the following equation: 
%N = 0.0167 (S.O.M.) + 0.0019 n = 22 
This is similar to the relationship reported across several sites in 
South Australia (Nambiar and Cellier 1985). 
XN = 0.0149 (S.O.M.) + 0.0080 r 2 = 0.86 n == 20 
Such relationships are n6t unusual given that most nitroqen in forest 
soil is bound in the organic form (Pritchett 1979). 
Hunter and Hoy (1983) report values of 0.01 - 0.02% N for the top 
10 cm of mineral soil in a chlot-otic stand of radiata pine gt-owing on 
coastal sands. Gadgil et al. (1984)~ in a long·-·term trial at l~oodhill 
FOI~est on coastal sand, report val uss for C)-10 cm and 60-"10 cm. The 
upper horizon values range from 0.01-0.03% N and the lower fluctuated 
at about 0.01% N. 'rhere were no significant differences between 
control, lupin and fertilizel r treatments. The upper hm-izon in this 
study has higher nit.r·ogen concentrations, probably as a result of 
organic matt.er accumulation over two rotations. However, differences in 
soil sampling should also be considered. 
On a site with a similar history of radiata pine crops in South 
Australia (Nambiar and Bowen 1986), the 0-10 cm nitrogen concentration 
was 0.03-0.04X. The Bottle Lake site \'Jould seem to have a higher 
nitrogen status than many of those studied on sand. 
The nitrogen content of each plot was calculated using an average 
bulk density for each horizon (Table 7.3). The bulk density for 0-10 cm 
Table 7.3 Mean soil nitrogen content by horizon at the end of the 
e:<periment (Oct.. 1984) for" all plots. 
Depth (cm) 
0 .... 10* 
0 .... 10# 
10-,,30 
:30-50 
50 .. -70 
70,-90 
TOTAU 
Nitrogen content 
--.-,,- g/plot -_._-
540 
561 
393 
239 
172 
141 
14·84 
(BE) P 
(46) O. 19 l ] 
(571 0.268 
(18) 0.115 
(8) 0.206 
(5) 0.366 
(3) 0.075 
(71 ) 0.194 
* calculated using individual plot bulk densities for 0-10 em. 
# calculated using a pooled bulk density for all plots. 
(SE): standard error. 
p probability of treatment differences according to ANOVA. 
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depth averaged 1.24 g/cm3 across all plots. The values for the lower 
horizons were 1.46, 1.49, 1.46 and 1.48 g/cm3 respectively. These are 
very similar to values given for a Mount Burr sand comple:< in South 
Australia (Nambiat- and Bowen 1986). For (i-1O cm the results are also 
presented using individual plot bulk densities. This latter method is 
seen to reduce the variability and is preferred in subsequent 
calculations. 
Generally there were no significant differences between 
treatments. As with nitrogen concentration, the organic matter content 
accounted for a large portion (93%) of the variation in nitrogen 
content. The lack of a fertilizer effect on total nitrogen precluded 
the use of the difference method to calculate recovery within the soil 
profile. 
The total qUdntity of nitrogen in the plot (1484 g) is equivalent 
to 2106 kg N/ha. This compares favourably with the average figure in a 
study at Woodhill Forest of 1429 kg Nlha (Gadgil 1979). 
7.3.2 Proportion of Soil-Nitrogen Derived from the ,F~rtilizer:. 
Tables 7.4 and 7.5 give the proportion of soil nitrogen derived 
from the -fertilizer. Ferti1izel~ I'Jas detected at all levels in the 
profile. There was significantly more labelled nitrogen in the split 
treatments than in the Single. Thet-e were no significant differences 
between seasonal treatments. 
The 1000.jer values for the Single treatment are attributed to 
fertilizer moving below 90 cm as indicated by the leaching data 
(Chapter 5). 
Table 7.4 Proportion of soil nitrogen derived from fertilizer at the 
end of the experiment (Oct. 1984); main treatments. 
Depth 
(em) 
0--10 
10--30 
30--50 
50--70 
70-90 
Single 3-Split 9-Split (SE) 
-------------- % Ndff --------------
2.8 6.9 5.4 (0.73) 
1.7 3.7 4.1 <0.46) 
1.6 2.0 2.7 (0.27) 
0.9 1.2 1.4 <0.1.11 
0.7 0.6 1.1 (0.13) 
-------- F' ------
Single vs 3 vs 9 
Spli t Spli t 
0.005 0.204 
0.004 0.602 
0.049 0.094 
0.040 0.199 
0.514 0.035 
(SE): standard error. 
p: probability of differences between specified treatments 
according to single degree of freedom contrasts in ANOVA. 
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Table 7.5 Proportion of soil nitrogen derived from fertilizer at the 
end of the experiment; seasonal treatments. 
Depth Autumn Spl"'i ng Summer (SE) p 
(cm) ------------------ I. Ndff ------------------
0-10 2.6 2.7 3.1 (0.32) 0.626 
10--30 1.3 2.2 1.3 <0.35 ) 0.258 
30-50 0.4 0.7 0.8 (0. (9) 0.118 
50,-70 0.6 0.4 0.8 <0.31) 0.692 
70'-'10 I). 1 0".3 0.3 (0.05) 0.113 
(SE): standa~d error. 
p : probabllity of treatment differences according to ANOVA. 
From the soi I ni trogen content and 1 abel I ed ni trogen data in 
previous sections the recovery o·f applied fertilizer I"as calculated 
(Tables 7.6 and 7.7), Over half of that recovered was in the top 10 cm 
of soil and about 801. within 30 cm. Recovery diminished rapidly with 
depth. 
Table 7.6 Recovery of applied fertilizer in the soil profile at the 
end of the experiment (Oct. 1984); main treatments. 
Depth 
(em) 
0-10 
10-,30 
30,--50 
50-70 
70-90 
TOTAL 
Single 
20.9 
9.6 
4.'1 
2.0 
1 .. 2 
38.6 
I it 9-'Sp 1 it 
X of applied ('10 gN) 
32.1 37.8 
r.).5 17.6 
5.0 7.7 
2_2 2.6 
1. I) 1.7 
53.9 67.5 
(BE) 
(4.97) 
(1. 58) 
(1.00) 
(0.26) 
(0.22) 
(6.41) 
------- p 
Single vs 
Split 
0.046 
0.013 
0.253 
0.235 
0.712 
0.021 
3 vs 9 
Spli t 
0.441 
0.099 
0.084 
0.34·1 
0.054 
0.168 
(BE): standard error. 
P J probability of differences between specified treatments 
according to single degrees of freedom contrasts in ANOVA. 
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Table 7.7 Recovery of fertilizer in the soil profile at the end of 
the experiment (Oct. 1984); seasonal treatments. 
Depth 
(em) 
c}-10 
10-30 
30-·50 
50--70 
70-90 
TOTAL 
Autumn 
32,.3 
14.7 
2.9 
-r -r 
.... '. ,_I 
0.5 
53.7 
(GE): standar~ error. 
Spring Summer (GE) 
% of applied (30 gN) 
34.3 50.9 (9.73) 0.437 
27.8 17.5 (3.59) 0.155 
5.8 6.2 (1. 27) 0.276 
2.6 4.9 ( 1.40) 0.559 
1.6 1.3 (0.28) 0.128 
72.3 80.8 (13.43) 0.447 
p : probability of treatment differences according to ANOVA. 
Significantly more fertilizer was recovered in the split 
treatments than the Single treatment. More fertilizer was recovered at 
all depths for the 9-Split treatment1 although not significantly 
(p < 0.(5) above the 3-Split treatment. There were no significant 
differences between the seasonal treatments. 
The greater recovery at the lower 
(50 v 150 kg N/ha) agrees with other studies (e.g. 
application rate 
Mead and Pri tchett 
1975b, NOmmik and M~ller 1981). Tree uptake was similar between rates 
(Chapter 6), and volatilization of ammonia was negligible (Chapter 5). 
The greater loss ·from the higher application rate ma.y be attdbuted 
primarily to leaching losses. The leaching data in Chapter 5 supports 
this contention. Greater leaching with increasing application rate was 
also shol'ln by OverJ~ein (1969) in lysimeter studies with tracer 
nitrogen. The other possible loss mechanism, which was not measured, is 
denitrification. The production of dinitrogen and nitrous oxides 
requires nitrate as an intermediary, and is often mediated by bacteria 
under anaerobic conditions (Keeney 1980). Nitrate was present (Chapter 
5) but anaerobic conditions were unlikely. 
Leaching is a comple:·: process with a variety of chemical and 
biological factors regulating its importance. If the ammonium resulting 
from urea hydY"ol ysi sis not hel d wi thi n the soil or taken l.lp by tree 
roots, it will be prone to leaching through the pro·file. The ammonium 
ion may be absorbed onto the cation exchange sites, be fixed chemically 
onto organic matter or utilised by the soil heterotrophs. The ability 
of the sot 1 system to absorb ammoni um is seen to be rel ated to the 
quantity of nitt-og!?n applied. With a single application o·f 90 g N the 
system became satLw,;!ted and significant leaching occLlIrred, e. g. the 
difference between total soil recovery for Single and split treatments 
was 20 g 1\1. The soil organic matter contents might be related to the 
r-ecovery of fer-tilizet-. l~hether miclrobial immobilization or chemical 
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fixation of ammonium predominated the processes would be expected to be 
linked with soil organic matter. The contention is further supported by 
the knowledge that urea recoveries are high in stands with substantial 
litter layers (Popovic and NOmmik 1972'. 
Accordingly, the relationship between fertilizer recovery and 
soil organic matter for the 0-10 cm horizon on all plots was calculated 
(Table 7.8'. The non-significance for all plots combined may be due to 
another f actm- masking any 
leachi.ng on the Single 
regressions \o,Jere also run 
relationship. 
treatment and 
(Tabl e 7.8' • 
This could be excessive 
so individual treatment 
There was no signifitant 
This might indicate that 
leaching was occurring before immobilization was possible. On the other 
treatments where substantially less leaching occurs there is generally 
a positive relationship indicating the importance of organic matter in 
retaining fertiliz~r within this upper horizon. 
r"elationship for the Single treatment. 
Table 7.8 Relationships between recovery of fertilizer and soil 
organic matter in the 0-10 cm horizon Regressions are 
of the form: soil recovery % = a + b (S.O.M.) X. 
Treatment a b P n 
All 24.0 r\ <" Llil ,_I 0.11 0.186 18 
Single 2. :3 4.0 0.25 0.502 4-
3-Spli t -0.5 11.2 0.99 0.007 4 
9--Spl i t 28.8 1.9 0.57 0.244- 4 
Seasonal 0.7 13.0 0.93 0.002 6 
3+9+Seasonal 24.0 3.7 0.36 0.024 14 
a,b: regression co-efficients. 
r2: proportion of variation accounted for by regression. 
p significance of regression. 
n number of plots. 
If the immobilization process is primarily microbial, then 
substrate c:ondi ti ons must be consi dered. Rather than organic matter 
per se the carbon to nitrogen (C:N) ratio may be a better index of the 
likely immobilization of fertilizer. High C:N ratios are likely to 
indicate that nitrogen is limiting microbial growth. Accordingly there 
may have been greater immobilization on plots with high C:N ratios. The 
analysis in Table 7.8 was t-epeated using C:N ratios for the 0-10 cm 
soil hori;:;on as the dependent variable (Table 7.9). The C:N ratio 
refers to the plots at the end of the experiment. Carbon concentration 
was assummed to equal 0.58 x organic matter. The relationship was 
slightly better although the Single treatment remained non-significant. 
The analysis should be treated with caution as the majority of 
plots had C:N t-atios about 34: 1. There was one outliet- (Tree 859, 
:1.37 
Summer treatment) with a C:N ratio of 50:1, which was the primary cause 
of the positive relationship. Both organic matter and C:N ratio 
relaticlnships I'llere also tested for fertilizer recovery at 10-30 cm 
(data not presented). The trends were similar and again tree 859 was an 
outlier with a C:N ratio of 98:1. 
Table 7.9 Relationships between recovery of fertilizer and soil C:N 
ratio in the 0-10 cm horizon: soil recovery X = a + b (C:N) 
Treatment a 
All -16.4 
3+9+Seasonal -14.3 
b 
1. 41 
1. 42 
0.31 
0.40 
p 
0.016 
0.015 
n 
18 
14 
a,b,r 2 ,P and n as for Table 7.8. 
There was, therefore, some 
recovery and the soi I carbon status, 
would probably be some measure of 
ni trogen (Johnson et a1. 1980). 
7.3.4 Amount of Nitrogen Leached 
correlation between fertilizer 
but a more usef ul i ndel-: to use 
available carbon and available 
The loss to leaching can be calculated if this is assumed to 
eqLtal the portion unaccounted for in the tree and soil. Accordingly 
about .36, 20 and 10 grams o·f nitrogen f rom the SI ng 1 e, 3-Sp lit and 
9-Spllt treatments respectively were leached below 90 cm depth. A small 
proportion of this was utilised by surrounding trees (Chapter 6), but 
the majority was probably lost to trees, Sands (1984) cites unpublished 
data of Nambiar showing the proportion of 84 g N (as ammonium sulphate) 
that leached from 2-year-old radiata pine on a weed free, sandy site in 
South Australia. By 116 days after fertilization, 62% had leached below 
32 cm. In this study about 49% had leached below 30 em after 410 days, 
on the Singl e treatment. The di fference may be due to the method of 
application. In South Australia fertilizer is broadcast in 45 em wide 
bands at this age (Woods 1976), 
7.3.5 Importance of Leaching 
The loss of fertilizer from the system is obviously undesirable 
from an economic and environmental viewpoint. Although most roots occur 
within the top 50 em of soil, it is possible that nitrogen leached to 
depth is still available to trees. For el<ample the limited uptake of 
ferti.lizer by surrounding trees must have been by roots at, or below 
75 cm. The plastic surround could however have induced roots to grow 
deeper than would be the case in an unrestricted soil volume. 
Two-year-old radiata pine is reported to be able to absorb water from 
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at least 2 m depth on sand (Sands and Nambiar 1984). This may suggest 
that nitrogen lost below the sampled horizon in this study could still 
be utilised by trees. 
The higher loss of fertilizer on the Single treatment plots, i.e. 
about 20 g N, implies a reduced long-term effectiveness of applied 
nitrogen for this treatment. However, this additional nitrogen retained 
following split applications represents only about 1.31. of the total 
nitrogen pool. Unless this is in fa readily available form SL\ch as 
short term immobilization ill the microflora it is unlikely to be of 
great benefit to the tree in the longer term. 
Whilst the leaching of nitrogen per se may not be detrimental to 
tree growth, the associated chemical effects must be considered. Urea 
fet-tilization has been shown to promote the leaching of cations in 
laboratory studies <Ballard 1979, Allen 1981) and in the field (Pang 
and McCullough 1982). The mechanism of this leaching is the 
displacement of cations from exchange sites by fertilizer ammonium, and 
subsequent transport to depth by anions. The carbonate ion, a product 
of hydrolysis, and nitrate as a result of nitrification are critical in 
this respect. The latter was known to be present (Chapter 5) and the 
former assumed to be, at least initially. 
No analyses for cations in the soil solution were made. However, 
where greater leaching took place on the Single treatment, the net 
effect may be apparent in the nutrient content of trees. This was 
investigated by analysing the 1-year foliage (the main nutrient pool) 
at the end of the experiment for potassium~ calcium and magnesium. An 
X-ray fluorescent spectrophotometer was used (Chapter 4). The 
concentration of these nutrients on the Single treatment was lower than 
the other treatments (Table 7.10). Single degree of freedom contrasts 
Table 7.10 Foliar nutrient concentrations of 3.1-year-old radiata pine 
as affected by urea fertilizer after one growing season 
(Oct. 1984). 
Nutrient Control Single 3-Split 9-Spli t (SE) P 
--------------- I. oven dry weight --------------
0.79 0.60 0.83 O.Bl (0,062) 0.082 
Ca 0.41 0.33 0.32 0.39 (0.025) 0.067 
Mg 0.12 0.10 0.12 0.12 <0. (10) 0.519 
(SE): standard error. 
p probability of treatment differences according to ANOVA. 
showed this effect to be highly significant for potassium. The values 
in Table 7.10 are obviously affected by such factors as initial 
nutri ent status and bi amass as well as ble fertilizer induced 
changes in cation availability. However, the initial foliar nutrient 
ctmcentrati ons were very simi lar <Table 4.9). The final biomass of 
fertilized trees was also similar (Chapter 3), thus vitiating a 
dilution hypothesis. 
The actual nutrient contents of the I-year foliage were 
calculated from Table 7.10 and the biomass figures (Chapter 3). These 
were analysed in an analysis of co-variance L!sing initial D2H as the 
co-variate to remove variable tree size, and presumably nutrient 
content, effects. There was significantly less potassium in the Single 
treatment compared with the split treatments (Table 7.11). The higher 
potassium content in the 3-Spl it treatment reflects the pretreatment 
levels (Table 4.9). The potassium values were probably overestimated 
by about 101. (Appendi:{ 8). This, however, does not aHect treatment 
comparisons. 
As all trees fertilized with 90 9 N had a similar biomass, there 
is evidence for the leaching of potassium induced by the Single 
application o·f 90 9 N, This was suHicient to restrict the uptake of 
potassium in comparison with trees fertilized by split applications. In 
practice this eHect may be insignificant. The level of potassium in 
this foliage during February/March for the Single treatment was 
satisfactory at 0.91. (Chapter 4). The beneficial effects of split 
applications in reducing 1 ng and hence cation loss might be more 
important on less fertile sites. 
Tabl e 7.11 
Nutrient 
f··, ". 
Ca 
Mg 
Nutrient content of l-year foliage at the end of the 
experiment (Oct. 1984), adjusted for initial tree size. 
Control Single 3-Split 9-Split (SE) F' 
---------------------- (g) ----------------------
10.27 12.08 17.54 14.21 (1.006) 0.010 
6.53 6.60 6.51 7.21 (0,526) 0.776 
1. 85 2.09 2.66 2,14 (0. 197) I). 085 
(BE): standard error. 
p probability of treatment differences according to ANOVA. 
7.3.6 Accuracy of Estimates 
The sampling of forest soil to estimate the size of nitrogen 
pools is fraught with difficulty. Even the use of N-15 relies on 
assuming an evenly distributed labelling across the plot. The presence 
of old stumps and slash (not visible initially) and old rooting 
channels on some plots may have become preferential sites for 
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fertilizer accumulation. 
The use of only 3 small cores per plot (Chapter 5) was shown to 
give highly variable total nitrogen concentrations. The use of si:< 
larger cores per plot and four plots per main treatment has hopefully 
overcome this variability. The situation with the lower replication on 
the seasonal treatments i5 more equivocal. For example, it is suggested 
that the soil recovery on the summer treatment is overestimated (Table 
7.7) because plot 859 recorded a recovery of 103% e:·(cILlding the tree 
(Appendi:< :3). 
It is interesti ng to note that the grand mean for the 0-10 cm 
data using the Hoffer soil tubes was 0.084% N (Appendix 11). The 
comparative figure using the Idaho Sand Auger (above) was 0.086% N. The 
values for the 10-30 cm samples were 0.018 and 0.024% N for the Hoffer 
and Idaho samplers respecti vel y. Thi s ancy may be due to the 
possibility of some mixing of horizons using the Idaho Sand Auger. 
There was som& concern as to the correct plot radius to use in 
the calcula.tions. The actual radius to the platie was 1.5 m, but. an 
unfertilized margin was left when .;;l.pplying fet-Ulizer (Chapter 2). It 
is pr'ob.9ble t.h·at in moving through the pt-ofile th·ere l'IIa5 a latet-al 
movement o'f nitt-ogen, so the use of a 1..5 m radius is assumed to be 
valid for 10-90 em depths. The extent of lateral movement of fertilizer 
within the top 10 em was unknown. If, for e:<ample, a plot radius of 
only 1.4 m was used, the estimated recovery of fertilizer (Tables 7.6 
and 7.7) would be reduced by 14.8%. 
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CHAPTER 8 
SYI\lTHESIS 
8.1 RESUME OF EARLIER CHAPTERS 
The aim of this study, as outlined in Chapters 1 and 2, \"as to 
investigate a possible method for improving the upt.ake of ni trogen 
fertilizer and retention within the ecosystem. A conventional Single 
appl ication of woea at 150 kg I"Illha (90 g N/tree) was compared wi th 
equal 3-Split and 9-Split applications applied from May to December. A 
Control was included as well as three seasonal treatments at 50 kg N/ha 
(30 g N/tree). Tre8 growth and initial distribution of fertilizer were 
moni tored for 17 mor·ths. The e:<peri ment \"as then destructi vel y sampl ed 
to ascertain biomass and distribution of fertilizer nitrogen within the 
ecosystem. 
There was a 9% diameter response to 90 g N per tree which 
occulTed whether or not sp lit app 1 i cat ions were used. There was no 
detectab 1 e diameter response to 30 9 N. There \"as no hei ght response 
which was e:·:pected, given that the site is not severely deficient in 
nitrogen (foliar N = 1.47%). 
Foliage analysis showed that total nitrogen content of needles 
increased through the year (Chapter 4). The uptake of fertilizer 
nitrogen was initially rapid r'egardless o·f treatments, but apparently 
not in proportion to the amount applied (Chapter 5). However, with time 
uptake of N-15 from the lower rates levelled off, whereas it continued 
to increase at the higher rate. Accol~ding to foliat- analysis, net 
uptake of N-15 ceased in March~ some 6 months after the Single 
application, and 3 months after the final Split application. About this 
time, ammonium concentl~ation in the soil solution on fertilized plots 
returned to Control levels. 
Uptake of nitrogen in fertilized trees after March was assumed to 
be from a "genel~al" soil nitrogen pool \"hich was only slightly enriched 
with residual N-15. The declining proportion of foliar nitrogen derived 
from the fel~tilizet- later in the season con'firmed this, as did some 
limited analyses o·f ·fine root samples. Soil. samples from the Single 
treatment indicated that the total N-15 in the top 30 cm had stabilised 
at about 30% of that applied, within four months of application. It 
was concluded that the major losses ft-om this high rate of nitrogen 
occurred by leaching of both NH4+ and N03 -. 
The·folia.r N-15 data (Chapter' 5) suggested that there was no 
effect of split applications on uptake of fertilizer. This was 
confit-med after the 'final harvest. Irrespective of Single or Split 
applications, there was a 20% recovery of applied fertilizer within the 
tree, i.e. about 18 9 N. This resulted in a 30% biomass response, with 
the greatest increase being in fine roots (801. over the Control) and 
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fol i a.ge and bri:lnches -for-med si nee fet-ti Ii zati on (25%). Thi s response 
pattern was attributed to limits on response above ground, with initial 
tree size being one factor. There was no such limit below ground where 
the response was viewed as an opportunistic ada.ption to colonise the 
soil in a young plantation. 
The tree r-ecovery of fertilizer in the seasonal treCl.tments was 
also about 20%, i.e. 6 g N. and there was no indication of any 
advantage in applying fertilizer in either spring, summet- or autumn. 
The amount of nitrogen taken up was insufficient to produce a 
detectable above ground response. There was, however, a significant 
below ground response. 
At the final hal~vest the soil pt-ofile was sampled to determine 
fertilizer recovery to a depth of 90 cm (Chapter 7). There was 
·5igni.ficantly greCl.ter recovery on the split treatments (61% of that 
applied) than on t~e Single treatment (39%). The soil recovery for the 
seasonal tl~eatments (69%) was si mi 1 CIT to the spJ. i. t treatments, but 
si.gnificantly higher than the Single treatment. Clearly, the capacity 
for retention of ammonium on cation exchange sites and utilisation by 
the soil heterotrophs has been exceeded with the Single application of 
90 9 N. 
8.2 TOTAL RECOVERY 
The tree and soil recovery data from Chapters 6 and 7 have been 
combined (Table 8.il. Volatilization losses and uptake by surrounding 
trees probably add a further 1-5%. The recoveries are within the range 
reported from other N-15 studies (Table 8.2), although the Single 
application is quite low. 
Table 8.1 Total recovery of fertilizer within the ecosystem. 
Treatment 
Single 
3--Split 
9-Split 
Autumn 
Spdng 
Summer 
grams N 
applied 
90 
90 
90 
30 
30 
30 
Tree 
Recovery 
Soil Total Unaccounted* 
------------------ % --------------------
20.8 38.6 59.4 40.6 
23 .. 8 53.9 77.7 22.3 
19.9 67.5 87.4 12.6 
18.3 5:). '7 72.0 28.0 
24a.3 72 .. 3 96.6 3v4 
21.2 80.8 102.0 
*: includes 1-5% volatilized as ammonia or utilised by surrounding 
trees. 
Table 8.2 
(NH4)2S04 
CO(NH2)2 
(NH 4)2S04 
CO(NH2 )2 
NH4N0 3 
CO(NH2)2 
I\lH4N0 3 
NH4~I03 
Recovery of applied nitrogen in forest ecosystems - N-15 
studies.;!: 
Rate 
kg N/ha 
60 
53 
56 
224 
224 
100 
150 
150 
50 
Biomass 
Recovery 
Soil and 
1 i ttet-
Total 
------------ % -----------
20.8 58,5 79.3 
21.7 44.0 65.7 
24.7 29.6 54.2 
26.6 17.9 44,5 
30 38 68 
30 52 8" ..:.. 
21 66 87 
34 54 88 
30 70 100 
Reference# 
Bjorkmen t?'t al. 1967 
Pa.avi 1 ai nen 1973 
Mead and Pritchett 
1975b 
Heilman et al. 1982b 
Melin et al. 1983 
N6mmik pers. comm. 
N6mmik pet-so comm, 
N6mmik pers. comm. 
-----------------------------------------------------------------------
*: see also Knowles (1975, Table 5). and Ballard (1980, Tabls 3). 
#: see Table 6.2 for stand details. 
Anal yses o·f vari ance showed si gnif i cantl y di Her-ent total 
recoveries between Single and split applications, and between the 
Single and seasonal treatments (Table 8.3). Given that tree uptake was 
the same, these differences are due entirely to the greater losses from 
the Single application. 
Table 8.3 Probability (p) of treatment differences in total recovery 
according to ANOVA and single degree of freedom contrasts. 
Comp at- i son 
Between main treatments 
Single vs. Split 
Between 3 and 9-Split 
Between seasonal treatments 
Single vs. seasonal treatments (pooled) 
P 
0.009 
0.004 
0.1.96 
0.025 
8. 3 DISCUSSIO~I 
It is clear that one objective of splitting the application has 
been met, i.e. a greater retention of fertilizer within the ecosystem. 
Indeed, the t-ecovet-y in the 9-Spl it treatment is bettet- than in a 
continuous fertilizer and irrigation treatment with scots pine in 
Sweden where 76% of applied nitrogen was accounted for (Ingestad et ai. 
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1981). Whether this increased recovery could lead to a greater nutrient 
flux density and long-term site improvement as argued by Ingestad and 
Agren (1984) is debatable. In this study the amount of fertilizer 
retained within the soil was less then 2% of the total nitrogen pool. 
It is probable that there will be no long-term improvement and thus it 
is the amount of fertilizer that the tree can initially use that is 
critical (Miller 1981). 
The other pr"oposed bene'fit from split applications, i.e. 
increased tree uptake, has not eventuated. Indeed, the similarity 
behleen treatments was std king. The study was designed to ma:d mi se 
tree uptake of nitrogen by applying it to young pines during an 
e:·:ponential phase of growth and by controlling the competing 
vegetation. The application rate was conventional for commercial 
forestry operations and was not excessive given the tree's requirements 
for nitrogen at this age (Chapter 6). Despite these factors the tree 
recovery was ~imilar to that reported from a variety of studies (Table 
6.2) • 
The reasons for a uniform recovery across treatments must be that 
uptake is limited by tree characteristics and/or processes that 
regulate nitrogen availability within the soil. 
8.3.1 Tree Characteristics 
A positive correlation was found between initial D2H and tree 
uptake (Chapter 6). Similarly, there was a positive correlation between 
the major sink for applied fertilizer (older foliage) and tree uptake. 
This latter variable e:':plained 55% of the variation in uptake. This 
effect of sink size may also be illustrated by comparing data from the 
Single and seasonal treatments wi th a recent study on young radiata 
pine in South Australia (Table 8.4), 
Table 8.4 Effect of tree size on recovery of applied nitrogen in young 
radiata pine on sandy soils. 
Age Application Height 
(m) (months) (g N/tree) 
'"' L 
1 ~) 
24 
24 
4* 0.3 
18* 0.8 
30 1.6 
90 
*= ammonium sulphate. 
#: from Appendix 4. 
Biomass 
(g/tree) 
5 
142 
900# 
Uptake 
(!. ) 
6.4 
17.7 
21.3 
20.8 
Nambiar and Bowen 
1986 
This study 
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The comparison must be tentative given different fertilizers and 
sites. The increasing uptake with age and tree size may also be related 
to rooting density. Nambiar (1983) reports a rooting density of 0.05-
0.1 cm/cm3 in 15-month-old radiata pine, which has more than doubled by 
age 34 months, but had clearly not increased in accordance with 
biomass. The increased uptake, 
months is not large and suggests 
is to be e){pected as mahlre 
t- ec ovet- i es • 
indicated in Table 8.4, from 13-24 
a further limiting factor. An asymtote 
trees do not show especially high 
The tree"s initial nutritional status might have influenced the 
of fertilizer nitrogen. On some trees both sulphur and magnesium 
apparently marginal levels during the experiment. However, 
there was no evidence that either element limited nitrogen uptake 
(Chapter 4) or grc.l"th response (Chapter- :::;). There wel~e significantly 
lower foliar sium concentrations on Single treatment trees, 
appan:mtly as a r-esLut of leaching o-f f:~+ in conjunction with NO::5- or 
HC0 3 -, resulting from urea application. However, potassium levels 
remained satisfactory in the foliage at all times. 
There were appreciable amounts of nitrate in the soil solution on 
all plots. this was during a period of high demand for nitrogen within 
the foliage and a declining ammonium content in the soil solution. H 
the trees ,,,ere not efficient at Lltilising nitrate, then a decreased 
uptake of fertilizer would be expected on this nitrifying site. 
Utilisation 0"1; nitrate is upon nitrate reductase activity 
(NRA) in the roots, which is indLlced by the ion's presence (larchet-
1983). Adams and Attil"ill (1983) induced higher levels of NRA in root 
tissues -following applications of toOl) kg N/ha to radiata pine. At 
500 kg N/ha the increased NRA was not significant. At the lower rates 
of application in this study, there may have been little or no increase 
in NRA with a possible ingly low utilisation of nitrate. 
8.2.2 leaching 
If denitrification is assumed to be negligible (see p.135) then 
the majority of the unaccoLlnted -fol'· fertilizer (Table 8.ll can be 
attibuted to leaching losses. There was an initial movement of 
fertilizer down the profile after application. The extent of this was 
pat-tly dependent on rain-fa.!l (Table 2.4). High concentrations of 
ammonium occurred at greater soil depths for longer periods following 
the Spring and SUmmer applications, when appreciable rain fell. 
Hm"ever, there I .. ere no significant differences between seasonal 
treatments - fat- tree or soi 1 recovery and the quanti ti es leached were 
apparently small (Table 8.1). Leaching was, therefore, not considered 
to be an important mechanism regulating the availability of nitrogen to 
trees at an application of 30 9 N/tree. 
Leaching was similarly not a major loss for the split 
applications. There was, however, a major loss of ni by leaching 
:1.46 
on the Single tt-eatment. It l'lould be interesting to know whether the 
extra 20 g N lost in comparison with split applications would have been 
available for tree uptake, if leaching had not occurred. It seems 
1 i kel y that some l'loul d be, but the actual amount woul d depend on the 
extent of immobilization. 
8.3.3 Immobilization 
The other major sink for applied N-15 is immobilization. In the 
seasonal treatments the foliar N-15 content stabilises, about 160 days 
after fertilization. As leaching was not considered to be a major loss, 
this was probably due to a gradual immobilization of N-15 by the soil 
heterotrophs. 
On the main treatments the same asymtote for foliar N-15 content 
was reached. If f,Jliar N-15 analysis is a true indication o·f N-15 
availability in the 30il, then an equilibrium with native soil nitrogen 
was reached in March, ·f or Si ng 1 e and Sp li t treatments. Processes are 
apparently acting on three differently sized pools, i.e. 90 g N applied 
in August and one of 30 and 10 g N applied in December to bring about 
equilibrium conditions at the same time. Both leaching and 
immobilization will bring this about. The greater leaching on the 
Single treatment will have the effect of evening up the size of N-'15 
pool available for uptake and immobilization. The rate of 
immobilization may also differ between treatments. Foster et al. 
(1985b) repm-t that increasing immobilization of urea nitrogen up to 
200 kg N/ha is due to increased microbial activity. 
Johnson et al. (1980) consi der that trees are at a great 
disadvantage to soi 1 mi ct-o-organi sms in tet-ms of taki ng advantage of 
the increased ammonium availability following fertilization. This is 
apparent in th is study if the high recoved es in the soi 1 are mai n 1 y 
microbially mediated. However, what is the nature of this competition? 
Is it a direct effect with soil micro-organisms utilizing nitrogen more 
efficiently than roots? Or is it a consequence of the spatial 
distribution of roots and their competitors on the plot? The latter are 
presumably ubiquitous across the plot and will come into contact with 
the evenly broadcast application (Figure 2.3). The roots of 2-year-old 
tr-ees may be vi sual i sed as occupyi ng certai n nal~row sectm-s of the 
plot. Thus low rooting density may be reducing the ef·ficient use of 
fertilizer. Utilisation of fertilizer by the tree between these 
sectors must rely on at least three factors: 
- root extension; 
- diffusion to the root sector; 
- mycorrhizal hyphae permeating between sectors. 
The extent to which the trees absorbing capacity increased over 
the time frame o·f available N-15 was unknown. The Split applications 
could have "primed" the tree, by increasing root growth for e:·:ample, 
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i:hus enabling a. greatet- utilisation of subsequent applications. Root 
growth probably did occur during the period of fertilizer applications, 
but increased uptake has not eventuated ij Agai n the tree ca.nnot be 
studied in isolation, Pt~evioLls applications are also likely to have 
aHected the soil environment, with eleva:t.ed pH and ammoniu.m levels 
along with increased microbial activity. Thus the tree may 
theoretically be able to utilize more nitrogen, but the soil 
heterotrophs also have the capacity to immobilize greater quantities. 
Rooting density, sink size, heterotroph competition and leaching 
have probably all acted to restrict the 
an average of 20%, The actual range of 
accounted for by iGitial tree size. 
of applied nitrogen to 
15-32% can be partially 
The efficiency of Single and Split applications appears to depend 
upon the t-elative importance o·f leaching and immobilization, In this 
study thet-e l'4ere no immediate beneHts to the tr"ee in splittig the 
appJ.ica.tion. Indeed, in the absence of leaching, a Single application 
could be advantageous, bec.::\use an available ni pool might last 
longer". It is probable that the efficiency of split applications is 
hi.ndet-ed by soil i mmobiJ. i zation pr'ocesses whi ch may be grea.ter for 
later applications. For a Single application the extent of leaching is 
apparently the more critical process in limiting the efficient use of 
8,4 SUGGESTIONS FOR FUTURE RESEARCH 
In this study the tree was studied in detail. Only the 
net effects of leaching and immobilization were quantified, and no data 
were presented for actual rooting density. Whilst the possible benefits 
of split applications for tree uptake have been disproven, the actual 
mechanisms were not fully elucidated. In particular the processes 
leading to the r'edLlction in available nitrogen from fertilizer need 
-fur"theY" stud''7'' This should shol'4 l'4hethet- smallet-, mc)re -frequent doses 
are primarily benefiting the soil mieroflora, rather than the tree. The 
root environment res further laborious study. For example, what is 
the spatial distribution of roots? And is it possible to place 
fet-ti 1 i leI'" where ition by soil organisms is less? 
There would be some merit in cQnducting certain tests under 
controlled conditions to study one or two processes in detail. However, 
as has been indicated, a number of factors operate to determine 
fet-til.izer. uptak(;? ef·ficiency and an integrated approach to determine 
the net effects, as studied here, also has benefits. One drawback of a 
field study o·f this type is accepting the envit-onmental conditions 
pr"evalent at the time. This \-IIas overcome fot- volatilization, but not 
for leaching, A pat~ticulalrly useful study would be to the 
experiment where leaching is minimised In a pot study with young 
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douglas fir, Pang (1984) reported a 40% tree recovery from an 
equivalent of 200 kg N/ha, which is the highest value from any known N-
15 studies with trees. 
A simple model to predict the amount of fertilizet- utilised by 
the trees could be constructed. Three major factors have been discussed 
earlier: initial tt-ee size, immobilization, and leaching. The first of 
these ~'1as used to account for some of the variability in uptake. The 
use of soil organic matter content, as a variable related to 
immobilization, did not significantly improve the amount of variability 
accc1unt.ed fOt-. There wet-e no independent esti mates of 1 eaching 
available for incorporation in a model. Further studies need to 
quantify factors which account for immobilization and leaching. 
Fal iat- ni trogen anal ysi s was used in thi s study to moni tor the 
trees's nitrogen status. The method is useful, but requires care in 
interpretation, an~ a continuing research is needed to understand what 
a particular value actually means. Fot- example, how does one compare 
the 1.1% N concentration in a more productive young I~adiata pine in 
South Australia (Fife and Nambiar 1982) with the 1.5% N at Bottle Lake? 
Studies with nitt-ogen fertilizer should always include at least 
an appraisal of the status of other nutrients. A number of results from 
this study need more attention: the S:N interaction, t.he possible 
Mg++:NH4+ interaction, and the leaching of cations. 
The major response below ground in this study needs to be 
assessed in a longer term study. Will this confer subsequent benefits 
on the trees' ability to absorb water and nutrients? In particular, 
would a repeat fertilizer application in the following year be ,more 
efficiently utilised? The possibility eldsts fot- obtaining a t-oot 
t-esponse in the first year (perhaps wi th a low t-ate of ni trogen to 
minimize leaching, e.g. 30 g N/tree) which ~'1ould enable larger 
applications in subsequence to be more efficiently utilised. 
8.5 IMPLICATIONS FOR MANAGEMENT 
The starting point for this study was the apparently low recovery 
of nitt-ogen fertilizer in the target organism: the tree As 
fertilization is an investment in the crop, this low efficiency should 
be of concern to managet-s As guardians of the envit-onment, foresters 
also need to be aware of the often low recovery of fertilizer within 
the ecosystem. 
If leaching is a problem on a particular site and retention 
within the soil system is impot-tant, then split applications at-e one 
solution available to the manager. Split applications of nitrogen may 
al so have berJef its over si ng 1 e appl i cat ions, if the status of other 
nutrients is marginal. 
The use of split applications appears to confer no immediate 
benefit to the tree. Any residual benefits from increased retention of 
nitrogen within the soil will depend upon the amout in relation to the 
nitrogen capital of the site and whethet- it is in a more available 
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form. 
This study indicates that fertilizer can be applied Nith equal 
efficiency in different seasons. However, with applications of Llrea 
pellets the possibility of volatilization losses at low moisture and 
high temperature Nould have to be considered by the forest manager. The 
most ef·ficient way to apply nitrogen fet-tilizer appears to be as a 
single application, particularly if leaching losses are likely to be 
low. 
This study suggests that it is possible to achieve a root 
response in young pines with a rate of nitrogen that is not susceptible 
to leaching. An application in the following year, when a greater 
rooting mass and sink size exist, may be more efficiently utilised. 
But, thos2 attain'd, ~e tremble to survey 
The gro~in9 labours of the lengthen'd way, 
Th' increasing prospects tires our ~and'ring eyes, 
Hills peep o'er hills, and RIps on RIps arise! 
Pope (1711) 
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APPENDICES 
Appendb: 1 
Fine Root Estimation 
Four root systems were washed out and there was concern about the 
loss of fine roots. This was confirmed by the biomass data (Table A.1l. 
Table A.1 Fine root biomass for the main treatments. 
Control Single lit 9-Split 
gr"ams 
(413) (501) (559) (304) washed out 
804 1244 1504 1435 
711 1309 1605 1601 
700 793 1370 769 
These 1000J values were inappt-opriate for the biomass and subsequent 
nitrogen recovery calculations. Accordingly estimates of the fine root 
biomass for these four trees were made. 
There I~ere data available for 18 trees to develop estimating 
equations (3 Controls, 6 Seasonal and 9. Main treatments trees). 
However, the pooling of data across treatments is unwise, given the 
apparent magni tude of response. The relationship between above and 
below ground biomass wa.s tested on a treatment basis. For the three 
"correct II Control trees the following linear equation described the 
reI aU onsh i p: 
Below ground (wt.) = -948 + 0.591 (Above ground wt.) r 2 = 0.894 
It is, however, meaningless to have a non zero root weight when shoot 
weight is zero. The regression intercept may thus be set at zero (c.f. 
Carlson and Presig 1980) to give the equation: 
Below ground (wt.) = 0.435 (Above ground) r 2 = 0.996, SE = 0.00167 
This estimates a below ground biomass for the washed out Control tree 
of 2394 g. Subtraction of the rootstock and coarse root weight 
leaves an estimate of 741 9 fine root. This value is used in subsequent 
calculation. 
There was no correlation between above and below ground biomass 
for the main treatments. Accordingly the correlation between fine root 
bi amass and other tt-ee components was i nvesti gated. The best 
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correlation \'>Ias l'lith 1-year foliage. The equation below incorporates 
the seasonal treatment trees as well. 
Fine root wt. = -237 + 0.771 (i-year foliage wt.) 
r2 :: 0.518 
F' == 0.0015 
SE = 336 and 0,193 
This equation estimates fine root biomasses of 1492, 1873 and 1365 g 
for the washed out trees from the Single, 3-Split and 9-Split 
treatments respectively. 
Comments 
The equation t-elating fine root biomass to 1-year foliage for 
the three Control trees only, is nonsignificant. However, the estimate 
obtained if it is used for the washed out tree is 738 g, the same as 
the value estimated above. 
Jackson and Chi ttenden (1981> publi shed an equati on for 
estimating fine roots « 2 mm) from foliage biomass: 
Fine root wt. = -121.35 + 0.526 (Foliage wt.) 
The fine root estimates from this equation are compared wi th those 
obtained above (Table A.2). 
Table A.2 Comparison of fine root estimates with those from a 
published equation (Jackson and Chittenden 1981), 
Treatment This study Jackson and 
Chittenden 1981 
Conb-ol 741 1050 
Single 1492 1488 
3-Spl it 1873 1900 
9-Spl it 1365 1396 
The agreement is excellent for the fertilized trees but the published 
equation is apparently inappropriate for Control trees in this study. 
Table A.3 
180 
Appendix. 2 
Statistical Analysis for Stem Diameters 
Probability (p) of treatment differences in basal stem 
diameter according to single degree of freedom contrasts. 
Date Control vs Single vs 3 vs 9 
fertilized Split Split 
--------------- P --------------
Januar,/ 1984 0.029 0.330 0.991 
Febru.;\ry 0.084 0.509 0.612 
March 0.002 0.440 0.768 
Apri I 0.001 0.386 0.937 
May 1),012 0.269 0.561 
June 0.005 0.280 0.788 
August 0.013 0.221 0.933 
September 0.016 0.115 0.679 
Table A.4 Probability (pI of treatment differences in stem diameter at 
50 cm according to single degree of freedom contrasts. 
Date Control vs Single vs 3 vs 9 
fertilized Split Split 
--------------- P --------------
Man:h 1984 0.061 0.384 0.839 
Apri I 0.049 {).352 0.781 
May 0.070 0.288 0.894 
JLtne 0.036 0.199 0.726 
August 0.094 0.245 0.822 
September 0.074 0.173 0.943 
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Appendi:{ 3 
Biomass and Fertilizer Recovery for Individual Trees 
Table A.5 Final biomass and fertilizer recovery in relation to 
initial tree size. 
-----------------------------------------------------------------------
Treatment Ini ti al Final Ferti I i zer recovery Tree 
D2H biomass Tree Soil Total nLlmber 
g/tree ----------- % --------_._--
----------------------------------------------------------------------
Single 28.4 11341 19.8 40.3 60.0 853 
26.3 10080 r:t"':! (' L'_llIl '_l 18.4 41.8 856 
23.1 10549 22.4 44.5 66.9 858 
28.1 11690 17.9 51.4 69.2 860 
it 34 .. 3 13419 31.7 35.1 66.9 850 
34.7 12621 23.5 49.7 73.1 857 
16.3 10489 17.2 65.8 83.0 861 
31.0 10421 22118 65.0 87.8 862 
9-8plit 18.6 lO070 21.3 bO.6 81.9 849 
21.1 10601 21.2 66.6 87.8 854 
36.7 11736 20.1 62.6 83.2 864 
17.9 8474 16.6 80.2 96.8 866 
Autumn 18.9 6481 14.9 47.1 61. 2 851 
19.5 7586 21.7 60.3 82.0 865 
Spring 23.1 8626 23.1 75.7 98.8 846 
30.2 10444 25.5 69.0 94,5 847 
Summer 29.9 9774 24.7 58.8 83.4 852 
17.6 6159 17.8 102.9 120.7 859 
-------------------------------------------------------~---~------------
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Appendix 4 
Initial Biomass of Radiata Pine at the Site in August 1983~ 
The above ground biomass of six trees was determined iri August, 
1983 at the age of 2 years. Height and diameter at the base were 
similar to the experimental trees. The trees were cut at ground level, 
transported to the laboratory, divided into components and oven dried 
at 65°C. The results are given in Table A.6. 
Table A.6 Ory weight of six trees prior to the growing season under 
study, age 2-year-old, August, 1983. 
Tree Component Tree 
A B C o E F 
grams dry weight 
Foliage: l--year 
01 det-
Twigs 
Stems 
TOTAL 
l'-yeat-
older 
I-year 
older 
Height (ml 
Oiametet- (mm) 
at base 
536 
96 
168 
55 
4" '-' 
277 
1175 
1. 75 
43.0 
312 259 
86 64 
88 C""T ,J .... 
34 21 
56 35 
219 144 
795 576 
1. 73 1. 49 
37.0 33.4 
The relationships between 02 , 02H 
components were investigated (Table A.71 in 
equations (Table A.S', 02 was the preferred 
230 394 530 
69 93 99 
94 129 132 
39 61) 86 
46 65 53 
162 277 212 
740 1018 1112 
1.4·3 1.71 1. 49 
33.3 42.2 39.4 
and the weight of tree 
order to develop predictive 
independent variable. 
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Table A.7 Correlation ca-efficients between D2~ D2H and tree 
components for six trees sampled in August, 1983. 
Predictive 
variable 
T':ltal 
0.825 
0.908 
l-year 
f clI i age 
0.658 
0.774 
Components 
Older Twigs 
foliage 
Stem All 
foliage 
r -------------------------
0.829 0.753 0.959 0.688 
0.889 0.856 0.943 0.799 
Table A.S Predictive equations of the form, Dry weight = a + b (D2), 
for six trees sampled in August, 1983. 
Tf"ee Components a b significance 
Tot<cl.l --71. 1 66.6 0.82 0.006 
Foliage 7.1 32.2 0.64 0.028 
Stem -5.6 18.5 0.89 0.002 
Twigs -73.2 15.9 0.73 0.015 
l-yeat- twigs -54.5 11.3 0.80 0.008 
older twigs -18.7 4.6 0.42 0.082 
l-year stem 25.7 1.6 0.25 0.159 
alder stem -31.4 16.8 0.94 0.001 
1-year twigs and stem -28.8 12.9 0.92 0.005 
older' twigs and stem -50.0 21.5 0:95 0.000 
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Appendb 5 
Use of Co-variance Analysi§ 
Although an effort was made to select similar trees (Chapter 2), 
there was still a difference between treatment means as shawn by 
initial D2H (Tables 3.6 and 3.7). In retrospect, it may have been wiser 
nat to use simple random sampling in allocating trees to treatments. 
Because initial tree size was considered an important factor, a 
suitable co-variate was required to remove this effect. Four co-
variates were investigated: 
(i) (i ni tial diameter at stem base)2, 
( .. \ 11, (initial di ametet~ at 50 cm up stem)2, 
(iii) (initia.l diameter at base)2 H height. 
(i v) alder ft.'liage biomass <Tabl es 3.6 and 3.71 . 
Ef'fecti ve use of co--vari ance usual I y reqLli res a Ii near 
relationship between the calibrating variate and the measured variate 
(Cellier and COt-rell 1984), The correlation between the four possible 
co-variates and final tree biomass was: 
Co-variate 
D2b ......... 
D2 t5o em 
D2b ....... H 
01 det- fol i age 
Correlation co-efficient 
(r) 
0.624 
0.622 
0.670 
0.688 
A general assumption in co-variance analysis is that co-variates 
are nat ef·feded by treatment. This is clearly satisfied for initial 
stem dimensions, but what about older foliage, measured at the end of 
the experiment? This component consisted of fasicles formed in the two 
years following planting and pdor to any fel~tilizer applications. A 
few lower stem needles were senescing, but actLtal needle 'fall was 
minimal. These fasicles inct-ea.sed in weight during winter 1983, but 
this was unaf·fected by treatment <Table 3.18). An estimate of needle 
weight in the older foliage at the final harvest showed a 20-30% 
decrease in weight since the previous November. This decrease was not 
apparently affected by fertilizer treatment. 
Older foliage was probably a valid co-variate, but the analyses 
of co-variance in this study generally use initial D2H. These two co-
variates gjve different adjusted means, e.g. for i-year foliage at the 
final harvest (Table A.9). 
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Table A.9 Comparison of two co-variates for adjusted 1-year foliage at 
·f i nal harvest. 
Actual 
l~i th initial D2H 
With old foliage 
Control 
1571 
1568 
1589 
Single 
2002 
2000 
1948 
3-Split 9-Split 
g ----------------
2196 
2104 
1988 
1696 
1793 
1940 
Clearly the older foliage co-variate adjusted the means further, e.g. 
9-Split was increased more and 3-Split decreased more. 
In using anaiysis of co-variance for nitrogen contents and 
ferti I izer recovet~y (Chapter 6) ~ the LIse of older foliage as a co-
variate may have had more biological appeal. Foliage was the main sink 
for ferti Ii zer and constituted the largest nitrogen pool wi thin the 
tree. However, to maintain comparability initial D2H was used. 
Appendi:{ 6 
Single De~ee of Freedom Contrasts From ANCOVA With Initial D2H 
FDt- 81oma.s5 Components. 
Tree component Contrast 
Control vs Single vs 3-Split vs 
fertilized Split 9-Split 
----------------- P -----------------
TOTAL 0.000 0.882 0.275 
Above grour.d 0.002 0.994 0.141 
Below ground 0.000 0.798 0.597 
1-yeat- foliage 0.005 0.683 0.062 
Stem 0.029 0.351 0.735 
Older stem wood 0.026 0.543 0.772 
1-year wood 0.030 0.681 0.358 
Rootstock 0.024 0.581 0.054 
Coarse roots 0.015 0.885 0.747 
Fine roots 0.001 0.272 0.056 
p: probability of differences between specified contrasts. 
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Appendb: 7 
Ne_edl e WeI ghts and Lengths 
Table A.li Needle weight in the upper crown as affected by fertilizer, 
main treatments, adjusted means. 
Date 
November 15 
November 28 
December 13 
December 28 
JanLlary 16 
JanLlary 24 
Febt~uary 7 
February 21 
March 6 
March 27 
April 7 
May 5 
June 
JLll Y 
AL\gust 
20 
5 
21 
September 28 
Control Single 3-Split 9-Split (SE) 
--------------- mg per needle ---------------
7 
9 
1(1 
14 
19 
21 
23 
27 
31 
33 
35 
39 
39 
40 
42 
8 
10 
11 
17 
23 
25 
28 
34 
35 
34 
39 
::9 
45 
44 
40 
47 
9 
10 
12 
16 
23 
27 
30 
34 
32 
35 
36 
41 
40 
41 
42 
8 
11 
14 
17 
25 
28 
30 
35 
39 
42 
41 
42 
47 
47 
47 
50 
W.8) 
W.9) 
(1. 3) 
(1.6) 
(1. 8) 
(1.9) 
<1.7) 
(1. 6) 
(1.5) 
(1. 5) 
(2.2) 
(2.0) 
(1. 9) 
(2.7) 
(2.2) 
(2.2) 
(SE): standard error. 
0.473 
0.510 
0.424 
0.421 
0.177 
0.162 
0.069 
0.016 
0.015 
0.004 
0.087 
0.108 
0.037 
0.189 
0.076 
0.083 
p : probability of treatment differences according to ANCOVA. 
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Table A.12 Needle weight in the middle crown as affected by fertilizer, 
main treatments, adjusted means. 
Date Control Single 3-Split lit (SE) 
--------------- mg per needle ---------------
November- 15 
November 2B 
December 13 
December 2B 
January 16 
January 24 
February 7 
Februar-y 21 
March 6 
t1arch 27 
Apri I 7 
May 5 
,June 20 
July 5 
AugLlst 21 
September 28 
4 
6 
7 
9 
1.3 
14 
16 
21 
24 
23 
26 
25 
32 
34 
30 
31 
(SE): standard error. 
4 
6 
8 
10 
16 
16 
21 
25 
27 
2B 
29 
29 
36 
36 
36 
4 
7 
9 
11 
15 
17 
20 
25 
26 
30 
28 
29 
32 
32 
32 
34 
5 
7 
9 
12 
17 
19 
27 
30 
31 
33 
38 
41 
38 
41 
(0.5) 
((J,7> 
<0,9) 
(1. 0) 
(1,3) 
(1.4) 
( 1.2) 
(1. 6) 
( 1. 6) 
(1. 8) 
(1. 6) 
(1. 9) 
(2.3) 
(1. 7) 
(2.9) 
(2.5) 
p 
0.545 
0.545 
0,581 
0.381 
0.15B 
0.080 
0.016 
0.168 
0.166 
0.042 
0.075 
0.093 
0.243 
0.023 
0.320 
0.09B 
p : probablity of treatment differences according to ANCOVA. 
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Table A.13 Needle length in the middle crewn as affected by fertilizer, 
main treatments, adjusted means. 
Date Contt-ol Single 3-Split 9-Split (SE) p 
--------------- mm per needle ---------------
November 15 33 32 36 37 (1,8) 0.185 
Novembet- 28 41 43 46 46 (2.6) 0.417 
December l' ' ... 1 51 c-, ...,} • .J 58 58 (2.4) 0.157 
December 28 62 66 70 71 (3.2) 0.234 
c1anuary 16 79 87 87 90 (3.0) 0.121 
Januat-y 24 86 9 r ,l ..:.. 97 96 (2.8) 0.055 
Febw-ary 7 96 105 105 106 (2.5) 0.040 
Febw-at-y 21 113 120 122 119 (3.5) 0.355 
Maf'ch 6 126 128 127 1:32 (3.2) 1).626 
Mar-SepU 132 134 130 139 (2.6) O. 120 
-----------------------------------------------------------------------
(SE) : standard error. 
p proba.bi I i ty of treamtment di fferences according to ANCOVA. 
* 
. data for ..., dates (Mar. 27 - Sept. 28) combined. . / 
Table A.14 Needle length in the upper crown as affected by fertilizer, 
main treatments, adjusted means. 
Date Cantt-a1 Single 3'-Spl i t 9-Spli t (SE) P 
--------------
mm per needle -----_ .. _--_._----
-----------------------------------------------------------------------
November 15 45 45 50 49 (2.7) 0,541 
Novemb,er 28 56 57 59 61 (3.2) 0.705 
Decembet- 13 65 68 70 73 (3.9) 0.533 
Decembet- 28 77 82 83 84 (4. 1) 0.616 
January 16 97 99 103 106 (3.2) 0.235 
January 24· 105 109 106 114 (3.6) 0.401 
Feb r-L\ar y 7 112 121 117 120 (3.1) 0.303 
February 24 127 135 125 131 (3.4) 0.237 
l"Iarch 6 136 141 134 143 (2.7) 0.117 
Mar-Sept* 144 147 138 149 (3. 1 ) 0.135 
-----------------------------------------------------------------------
(SE>: standard error. 
p probability of treatment differences according to ANCOVA. 
* : combined data for 7 dates (March 27 - Septembter 28). 
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Appendi l{ 8 
Results for IUFRO Standards 
The 1984 and 1985 IUFRO interlaboraatory comparison samples were 
analysed for a number of elements using XRF. 
Table A.15 Foliar concentrations of P, K, Ca, and Mg in IUFRO samples. 
-----------------------------------------------------------------------
Thomas Internati onal value 
Lab.51 Mean (s.d.) Median (mad. ) 
..... _----------- % oven dry weight ---,_ .. _-_ .. _---
-----------------------------------------------------------------------
8411 radi ata pine F - 0.144 0.143 (0.008) 0.140 <0.(02) 
foli age V ". - 1.04 0.91 (0.08) 0.90 (0,04) 
Ca- 0.22 0&22 (0.03) 0.22 (0,01) 
Mg- 0.13 0.12 (0.01) 0.12 (0.01) 
84/2 Eu.calyptu.s P - 0.130 0.133 (0.009) 0.132 (0.005) 
nitens feU a.r V '. - 0.88 0.76 (0.09) 0.78 (0.04) 
Ca'~ 0.54 0.52 (0,(15) 0.53 (0.05) 
Mg-- 0.11 0.10 (0. (1) 0.10 (0. (1) 
85/1 tulip tree F' - 0.132 0.128 (1).007) 0.130 (0.005) 
foliage V ". - 1.53 1.45 (0.13) 1. 46 (0.06 ) 
Ca- l. 29 1.23 (0.18) 11122 (0.06) 
Mg- 0.42 O •. 34· (0.03) 0.3:3 (0.01) 
85/2 douglas fir P - 0.100 0.105 (0.006) 0.105 (0.005) 
foliage V - 0.61 0.58 <0.(3) 0.58 (0.03) '" 
Ca- 0.39 0.38 <0.03 ) 0.38 (0.03) 
Mg- 0.11 0.11 <0.(1) 0:11 (0.01 ) 
85/3 radiata pine P - 0.128 0.124 <0.0(8) 0.126 (0.005) 
foliage f( -, 0.63 01153 <0.05) 0.54 (0.03) 
Ca- 0.19 0.18 (0.02) 0.18 <0. (1) 
Mg- 0,09 0.10 (0.01) 0.09 <0,(1) 
85/4 t-adi ata pine F' 0.012 0.026 (0.03) 0.013 <0.0(3) 
\'.Iood f( -- 0.14 0.12 (0.06) O. 11 (0.01) 
Ca.-- 0.05 0.06 (0.06) 0.05 (O) 
Mg- 0.02 0.04 (O.(4) 0.03 (0.01) 
85/5 radiata pine F' - 0.036 0.038 (0, (3) 0.039 (0.001) 
bark f" - 0.4,2 0.34 (1).03) 0.34 (0.02) ". 
Ca- 0.21 0.20 (0.03) 0.20 W.!)l) 
Mg- 0.06 0.09 <0.11) 0.07 (0.01) 
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85/6 radiata pine P - O. 111 0.105 (0.020) 0.110 (0.004) 
litte/- I'" '. - 0.47 0.40 (0, (5) 0,40 (0.02) 
Ca- 0.40 O. :37 (0,06) 0.37 (0.02) 
t1g- 0.07 0.09 <0,12) 0.07 (0.01) 
International values are from Will (1986). 
The majority of laboratories have probably analysed the samples 
using chemical methods. The X-ray results are generally higher, 
particularly so for potassium. This could be due to lasses which may 
have occurred during chemical preparation (Norrish and Hutton 1977). 
However, it was noted earlier that the XRF results are only as goad as 
the calibration. Ideally, a fut~thet- set of standards should have been 
obtained to check the calibration used in this study. 
For the purpose of treatment comparisons in Chapters 4 and 7, the 
descrepancy is nat i h1pOt-tant. In comp~ri ng the absol ute val ues wi th 
published standards, it should be noted that: 
(1) the agreement far P, Ca, and Mg with international values is 
goad for the range of concentrations in this study. 
(2) the potassium levels, even if "corrected" to agree with the 
IUFRO means, are still satisfactory for the growth of 
radiata pine. 
The potassium levels presented in this study should be used with 
caution, if total f::: pools are calculated. However, t.here is a goad 
correlation beh/een the X-ray I-esul ts and inter-national means, so a 
correction could be made: 
IUFRO (X K) = 0.9557 (XRF, % K) - 0.0481 r 2 :::: 0.997 
(BE 0.0196) (BE 0.0161) 
If the regression is forced through the origin the equation becomes: 
IUFRO (X K) = 0.9045 (XRF, X K) r 2 ::: 0.998 
The other element investigated in this study was sulphur. Only a 
few of the participating labolratories in the IUFRO comparison report 
sulphur values. These are compared with the X-ray results obtained in 
this study (Table A.16). The agreement was generally satisfactory and 
enables the calculations of SUlphur ni tt-ogen t-atios to be performed 
with same con-fidence. Of course, if the laboratories were actually 
named, then the XRF sulphur values could be compared directly with the 
results of Kelly and Lambert (19721. 
Conclusion 
Table A.16 Sulphur results for IUFRO samples. 
IUFRO 
sample 
84/1 
8412 
85/1 
85/2 
85/3 
85/4 
85/5 
85/6 
Thomas 
L.ab.51 
0.116 
0.148 
0.267 
0.086 
O. 113 
0.012 
0.037 
:).078 
International Numbel~ of 
mean laboratories 
'l. oven dry weight -----------
0.101 7 
0.143 7 
0.244 10 
0,(185 10 
0.103 10 
0.025 10 
0.04·3 10 
0.070 10 
:1.92 
The use of XRF enables a large number of elements to be analysed 
quickl y and easi I y, once problems of pellet preparation ha.ve been 
overcome. FLlrther compari sons of X-ray and chemi cal and methods are 
required before results of the latter can be applied to current 
standards. However~ the main requirement is for workers to detail their 
analytical methods and to include their result for an international 
standard in all published work. 
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Appendix 9 
Sulghur : Nitrogen Interaction 
Table A.17 Sulphur and nitrogen status of Single treatment trees. 
Date Total N Total S 
--------- % --------
'"' May. 1.663 0.113 .:. 
22 Aug. (F) 1.705 0.136 
18 Oct. 1.975 0.139 
1 Nov. 2. OO~:. 0.146 
15 Nov. 1.879 0.121 
Upper ct-m<ln 
28 Nov. 1.995 0.117 
24 Jan. 1.526 0.093 
21 Feb. 1.462 0.096 
27 Mar. 1.501 0.101 
20 JLtne 1.370 0.106 
28 Sept. 1. 4-67 O.1l7 
Middle crol<ln 
28 Nov. 1.773 0.101 
24 Jan. 1.539 0.096 
21 Feb. 1.484 0.093 
27 Mat- • 1.472 0.095 
20 June 1.331 0.098 
28 Sept. 1.375 0.096 
Final biomass 
9 Oct. 1.519 0.105 
1.423 0.107 
1. 419 0.100 
1.592 0.116 
1.4-88 0.107 
S:N 
gram 
atom basis 
0.030 
IJ.035 
0.031 
0.032 
0.028 
0.026 
0.027 
0.029 
0.029 
0.034 
0.035 
0.025 
0.027 
0.027 
0.028 
0.032 
0.030 
0.030 
0.033 
0.031 
0.032 
0.031 
S04--
(ppm) 
12 
190 
34 
85 
0 
0 
0 
I) 
0 
120 
163 
0 
I) 
I) 
0 
66 
16 
I-tg S/needle 
24 
31 
36 
36 
30 
30 
24 
"'":I ,_f":" 
37 
48 
55 
6 
15 
23 
27 
35 
35 
-----------------------------------------------------------------------
(F): fertilizer applied. 
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Table A.18 Sulphur and nitrogen status of Control trees. 
-----------------------------------------------------------------------
Date Total N Total S 
--------- % --------
2 !"Iay 1.561 0.115 
22 Aug. 1.590 0.144 
18 Oct. 1. 801 0.167 
1 "Iov. 1.850 0.174 
15 Nov. 1.663 0.151 
Uppel~ crown 
28 Nov. i. 918 0.120 
24 Jan. 1. 46i' 0.106 
21 Feb. 1.502 0.116 
27 Mar. 1.591 0.123 
20 June 1.53() 0.137 
28 Sept 1.660 0.165 
Middle crown 
28 Nov. 1.684 0.116 
24 Jan. 1. 401 0.104 
21 Feb. 1.483 0.108 
27 Mar. 1.455 0.102 
20 June 1.444 0.11B 
28 sept 1.478 0.130 
Final biomass 
9 Oct. 1.698 0.158 
1.376 0.131 
1.565 0.131 
1.776 0.143 
1.604 0.141 
S:N 
0.032 
0.039 
0.040 
0.041 
0.040 
0.027 
0.031 
0.034 
0.034 
0.039 
0.043 
0.030 
0.032 
0.032 
0.031 
0.036 
0.038 
0.041 
0.042 
0.137 
0.035 
0.039 
804 --
<ppm) 
78 
349 
4·34 
470 
368 
0 
53 
130 
152 
320 
510 
4 
78 
62 
21 
189 
285 
pg S/needle 
23 
32 
41 
45 
36 
11 
23 
31 
41 
53 
70 
7 
14 
23 
19 
39 
41 
Date 
2 May (F) 
27 June 
22 Aug. 
18 Oct. 
15 Nov. 
Upper crown 
28 Nov. 
21 Feb. 
20 June 
Fi.nal 
biomass: tree 
9 Oct. 850 
857 
861 
862 
Table A.19 Data for 3-Split treatment trees. 
Tot.al N Total S 
--------- X ------
1..513 
1.709 
1.810 
2.075 
1.8n; 
2.027 
1.468 
1.40b 
1.331 
1.600 
1. 416 
1.468 
1.454 
0.123 
0.141 
O. 15:3 
O. 143 
0.141 
0.123 
0.096 
0.118 
0.124 
0.132 
0.110 
0.120 
0.121 
S:N 
0.035 
0.036 
0.037 
0.030 
0.032 
0.026 
0.028 
0.037 
0.041 
0.035 
0.0.34 
0.036 
0.036 
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23·' 
298 
6 
111 
o 
o 
215 
(F): fertilizer applied. 
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pg S/needle 
';\< 
,L..'_' 
30 
.34 
35 
7C" 
• ..) • ..J 
13 
29 
48 
Table A.20 Sulphur and nitrogen status of 9-Split trees. 
Date Total N Total S 
--------- % --------
2 May ( F) 1.585 O. 118 
27 June (F) 1.868 0.162 
18 Oct. (f) 2.464 0.167 
15 Nov. ( F) 2.079 0.152 
Final bi oma.ss 
9 Oct. 1.679 0.138 
1.552 0.137 
1.699 0.135 
1.561 0.108 
1.623 0.129 
(F): fertilizer applied. 
S:N 
0.032 
0.038 
0.030 
0.032 
0.036 
0.038 
0.035 
0.030 
0.035 
S04--
(ppm) 
92 
338 
(l 
93 
pg S/needle 
29 
37 
43 
36 
Appendi:< 10 
Nitrate Concentrations in Soil Water Samples 
Table A.21 Concentration of nitrate in soil solution. 
Treatment Depth 
(cm) 
Control 20 
4(, 
80 
Single 20 
40 
80 
3-Split 20 
40 
80 
9-Split 20 
41) 
80 
Autumn 20 
40 
80 
Spring 20 
40 
80 
Summet- 20 
40 
80 
Date 
February 28 March 13 
--------------- ppm N03 -
2.41 
1. 68 
4.76 1.40 
O. 1 (l 
15.40 1. 68 
4.20 0.20 
23.80 
2.70 0.42 
13.16 9.73 
0.84 4.90 
2.80 1. 75 
2.80 0.91 
8.19 0.21 
0.10 
0.66 
1.26 
0.70 3.78 
4.06 3.22 
July 5 July 8 
0.48 
1. 26 
2.10 1. 12 
0.60 
1. 68 0.78 
1.20 0.60 
0.76 
0.98 0.56 
6.16 
5.88 0.95 
2.52 1.57 
1,4·7 0.70 
2.10 
0.56 
1. 15 
2.10 
0.70 
2.80 
196 
----------------------------------------------------------------
Mean of two lysimeters when available. 
-: no sample available. 
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Appendb: 11 
Nitrogen Results from Periodic Soil Samples 
Table A.22 Nitrogen concentrations at 0-10 em depth. 
Plot Date 
August 18 October 18 December 12 February 7 June 20 
-------------------- f. air dry weight ------------------
853 0.1731 0.0596 0.1004 0.0826 0.0644 
856 0.0702 0.0559 0.1139 0.0453 0.0836 
858 0.0529 0.1182 0.0605 0.0636 0.0699 
860 0.1035 0.1192 0.0973 0.0813 0.0696 
Mean 0.OS'99 0.08n) 0.0930 0.0682 0.0719 
Table A.23 Nitrogen concentration at 10-30 em depth. 
Plot Date 
August 18 October 18 December 12 February 7 June 20 
------------------- f. air dry weight ------------------
853 0.0499 0.0133 0.0188 0.0146 0.0144 
856 0.0199 0.0162 0.0166 0.0187 0.0136 
858 0.0134 0.0174 0.0166 0.0166 0.0135 
860 0.0259 0.0189 0.0154 0.0209 0.0143 
Mean 0.0253 0.0164 0.0168 0.0177 0.01.39 
Table A.24 Atom f. N-15 for 0-10 and 10-30 cm depths. 
Plot Date 
(cm) August 18 October 18 December 12 February 7 June 20 
------------------------- atom f. N-15 ------------------------
-----------------------------------------------------------------------
853 0-10 O .. 357 0.526 0.456 (0.639) 0.460 
10-30 0.358 0.548 0.415 0.431 0.431 
856 0-10 0.355 0.486 0.370 0,423 0.379 
10-30 0.357 0.443 0.377 0.402 0.384 
858 0-10 0.357 0.425 0.395 0.540 0.464 
11)-30 0.356 0.403 0.379 0.459 0.425 
860 0-10 0.358 0.529 0.464 0.383 0.472 
10-30 0.360 (1.593 0.486 0.427 0.445 
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Table A.25 Recovery of fertilizer nitrogen at 0-10 and 10-30 cm depths. 
Plot Date 
(em) October 18 December 12 February 7 June 20 
--------------------- % -----------~-----------
-------------------------------------------------------------
853 0-10 35.6 36.8 (86.3) 24.6 
11)-30 24.4 10.3 10.3 10. 1 
856 0'-:10 36.5 7.5 15. 1 9.3 
10-30 14. 1 
" " 
"_'111 .t- 8.4 3.6 
858 0-10 31.9 9.1 46.2 29.7 
10-30 7.8 " ". ,_I • ...J 16.8 9.0 
860 0-10 64.9 32.9 6.7 25.3 
10-30 43.7 19.4 14.2 12.2 
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(~ppend b: 12 
Esti mate of Ini tial Ni trag en Content of j:ontrol Tt~ees 
The estimate of annual nitrogen uptake required an initial 
nitrogen content. This was estimated for Central trees in August 1983 
(early ~pring). Their biomass was estimated using regressions developed 
from the August 1983 felU ngs (Appendi l< 4'. The pr'edi cti ve equations 
used were for foliage, 1-year twigs and stem combined, and older twigs 
and stem combined (Table A.8'. The results are given in Table A.26. 
Table A.26 Dry weight estimates of Control trees in August 1983. 
Tree Foliage l-year twigs 01 der twigs 
and stem and stem 
dry weight grams -----------
848 19.80 644 227 375 
855 18.83 613 215 355 
863 16.16 527 180 297 
867 18.15 591 206 340 
The dry weight of old foliage at the final harvest was considered 
to be an appro:dmation of initial foliage biomass (Appendi:< 5'. The 
treatment mean in Table A.26 is in rea,sonable agreement with this 
measured value, i.e. 
Tree 
848 
855 
863 
867 
Old foliage (Table 3.6) 
(g) 
500 
596 
541 
608 
561 vs 594 from Table A.26 
The nitrogen content was obtained by using appropriate XN values. 
The actual foliar nitrogen concentrations for August 22 were used. For 
1-year twigs and stem the final biomass XN for new twigs was used. For 
older twigs and stem the final biomass XN for older twigs was used. The 
mean nitrogen content above ground for the Control trees in August 1983 
was 11.7 g N (Table A.27). 
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Table A.27 Estimated nitrogen content of Control trees in August 1983. 
Tree Foliage 1-year twigs Older twigs Total 
and stem and stem 
--------------- g 
848 9.29 1.09 1. 17 11.55 
855 10.49 0.91 0.96 10.57 
863 8.12 1.03 1.27 10.42 
867 9.84 1.28 1.27 12.39 
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Appendil< i3 
Estimation of Foliage Biomass on Surrounding Trees 
An estimate of i-year foliage biomass for surroLlnding trees was 
requi red to assess ferti 1 i zer uptake by sun-ounding trees (Appendi:< 
14). Predictive equations are available in the literature for radiata 
pine (e.g. Madgwick 1983b), however, Baker et al. (1984:) consider that 
it is always better to sample within the stand of interest. Accordingly 
I~egression equations were developed from the Hnal biomass data. The 
independent variables D, D2 D2H and D/H were investigated (D and H 
being diameter at stem base and height at the final biomass). D2H gave 
a better fit than D or D2, Incorporation of D/H in addition to D2H did 
not improve the equations. Simple linear regressions with logarithmic 
transformation of independent and dependent variables were developed: 
Ln (weight tree component) = 80 + 81 Ln (D2H) (1) 
Data from all 22 trees was used but care was taken to check whether the 
regressions were homogenous across the three rates of ni trogen used: 
0,30 and 90 9 N (c.f. Snowdon 1985). 
A single regression was found to be applicable across all 
treatments for 1-year foliage: 
Ln (i-year foliage g) = 2.992 + 0.830 Ln (D2H) (2) 
r 2=O.64, n=22 
The applicability of a single equation contrasts with Snowdon (1985) 
and Grier et 81. (1984) who found separate equations for fertilized and 
unfertilized trees were requit-ed. Whether the allometric relationship 
is changed (which these authors are essentially arguing) will depend 
upon the response to fertilizet-. So for eHample Grier et 131. (1984) 
altered the trees allometry for 1-year foliage but not for total 
foliage in 23-year-old dOLtglas fir. Given the large response below 
ground in this study a single predictive equation was not surprisingly 
found to be inappropriate for this component. 
The equation to predict i-year foliage was refined by 
incorporating the data from sil< 2-year-old trees (Appendil< 4). This was 
ini ti all y incorporated as another treatment to check for homogenei ty 
across ages (e.f. Cro\-J 1983), A single regression equation was still 
vaIi d: 
Ln (i-year foliage) = 3.794 + 0.682 Ln (D2H) (3) 
This equation was used to estimate the foliage biomass of surrounding 
trees. In convet-ting back to ari thimetric uni ts a bias is ineun-ed 
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(Baskerville 1972). Consequently estimates were corrected for with the 
factor used by Madgwick (1983b): 
exponential (0.5 error mean square) 
Biomass estimates from equation (3) were therefore multiplied by 1.013. 
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Appendi>: 14 
Estimate of Fertilizer Nitrogen Utilised by Surrounding Trees 
An estimate of N-15 utilisation was made for trees surrounding the 
'four Single t.reatment plots. Samples o·f the 1-year foliage on trees 
within one metre of the plot edge were taken on October 19~ 1984. The 
height and diameter at the base of the sampled trees were measured so 
that foliage biomass could be predicted from regression equations, 
The foliage samples were bulked by plot and analysed for total 
ni trogen and N-15 as in Chapter 5. The biomass of 1-year foliage was 
estimated from equation (31 in Appendix 13. 
Ln (i-year foliage g) = 3.794 + 0.682 Ln (02H) r 2=0.95, n=28 
The estimated foliag~ biomass and nitrogen results are given in Table 
A.28. 
Table A.28 Parameters of surrounding trees to estimate fertilizer 
uptake. 
Plot 
853 
856 
858 
860 
Adjacent trees 
i-year foliage (grams) 
1989 1907 
593 2055 1743 
1120 2157 2048 
841 1857 871 
'Y. N Atom 'Y. N-15 
1.613 0.384 
1.771 0.375 
1. 740 0.403 
1.814 0.365 
The uptake of fertilizer into the l-year foliage was calculated as 
in Chapter 6, p.112. The uptake for the whole tree was estimated from the 
proportion of fertilizer that occurred in the 1-year foliage of Single 
treatment trees (Table 6.10). This was 47.41. which compares with 411. used 
by Mead (1971), The recovery of applied nitrogen in surrounding trees 
is given in Table A.29. 
Table A.29 Recovery of applied fertilizer in trees surrounding Single 
treatment plots. 
Plat 
853 
856 
858 
860 
Surrounding trees 
----------- % of applied 
0.74 0.48 
0.17 0.59 0.51 
0.78 1.52 1. 45 
0.10 0,,23 0.10 
Total 
1.22 
1.27 
3.75 
0.43 
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Appendix 15 
Statistical Terminology 
The standard error (BE) given in most tables is the standard 
error of the pooled treatment mean, given as: 
(Steel and Torrie p.143 1981) 
where 52 = error mean square from ANOVA or AI\ICOVA 
r = replication within the treatment. 
The probabilty (p) of treatment differences according to AND VA or 
ANCOVA is a 5ignific.:mce level e.g. p = 0.050 is the conventional 51. 
significance level (*). 
